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SUMMARY

This report covers work performed at Convair during the second phase of the study
"Low Gravity Propellant Control Using Capillary Devices in Large Cryogenic Vehicles."
The second phase was an extension of first phase analytical experimental and design
effort. This report contains a discussion of the fluid, thermal, experimental and de-
sign information developed for the two missions which were considered.

The missions considered were an S-IVC LHy and LOg, tank restart in orbit and a pro-
pellant transfer mission using a LOX tanker to fill an S-IIB.

Fluid analysis of the missions included capillary device outflow, liquid settling, wicking,
vapor impingement, and refilling., This information, coupled with Convair screen flow
testing IRAD results, was utilized to refine the preliminary capillary device designs
developed in Phase I. Information on wicking and outflow was formulated into compu~
ter programs to predict these phenomena for experimental correlation.

Thermal analysis was devoted mainly to detailed sizing of capillary device cooling con-
figurations and consideration of destratification and mixing effects on cooling system
operation. Systems designed for both missions used the cooling capacity of a thermo-
dynamic vent system to prevent capillary device vapor formation. System sizing was
based on maintaining slightly subcooled liquid in the capillary device with the cooling
capacity made available by normal boiloff requirements.

The experimental effort consisted of normal gravity bench tests designed to comple-
ment the fluid and thermal analysis of the two missions considered. Outflow tests were
conducted with a transparent scale model S-IVC tank and capillary device to evaluate
capillary device draining, spilling and vapor ingestion. Results were successfully
correlated with DREGS2 and INGASP computer models. Pullthrough suppression tests
in a simple cylindrical container verified the analytical procedures used for sizing
pullthrough suppression screens. Wicking tests were run to obtain wicking rates in
screens subjected to heating, most applicable to the LOX tanker mission, and results
were compared with several analytical and semiempirical models. Results were cor=-
related semiempirically with a viscous capillary flow model.

The structural design effort refined Phase I designs based on thermal and fluid analysis
performed in the second phase. The detailed designs developed for the two applications .
are presented with weight estimates, support, attachment and cooling configuration
details along with load analysis and assembly drawings.
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Conclusions of the study are that capillary devices are effective means of controlling
propellant in large scale cryogenic vehicles. Additional work is recommended in~
cluding prototype testing and analytical prediction of reorientation and refilling.
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INTRODUCTION

In orbiting spacecraft containing subcritical storage vessels, periods of orbital drag
and disturbing accelerations may position liquid away from the tank outlet. Prior to
engine restart or propellant transfer it is necessary to have liquid positioned over the
outlet in order to effectively accomplish fluid transfer.

Acquisition devices for controlling propellants prior to transfer come under two cate-
gories; partial orientation devices that control only a small percentage of the tank
contents and total orientation devices that attempt to control all the propellant in the
tank. For the present study partial acquisition devices are required for the S=[VC
restart mission and total acquisition is required for the L()2 tanker mission.

Spacecraft low gravity restarts have primarily been accomplished in the past through
the use of linear acceleration to provide settling thrust with which to collect fluid over
the outlet. This well proven technique introduces weight penalties and operational
constraints compared to more advanced methods of acquisition. These methods in-
clude positive displacement devices such as bladders, bellows and diaphragms, dielec-
trophoretic devices and capillary devices.

Capillary devices are particularly attractive because they are lightweight, passive and
introduce minimal operational constraints. These devices, while successfully applied
to non-cryogenic propellant acquisition, have not been adequately studied for cryo-
genic fluid applications. Using cryogenic fluids introduces thermodynamic and heat
transfer problems which greatly affect capillary control system design.

The purpose of this contract is to ascertain the feasibility of using capillary devices
such as screens and/or perforated plates, for propellant control in large scale cryo-
genic vehicles.

The first phase of the two-phase program defined the thermodynamic and heat transfer
problems associated with the use of capillary devices, derived methods for solving
these problems and selected promising propellant control schemes. This was pre-
dominately an analytical study with some low cost bench testing required to verify
basic concepts. Based on the general results of the initial analytical and experimental
effort, designs were developed for an S-I1VC LH, and LO, tank restart mission and
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an 8=1IB LOX tanker propellant transfer mission. Promising capillary control designs
were compared with other means of propellant control in order to ascertain the feasi-
bility of using capillary devices for propellant control in large-scale cryogenic vehicles.

During the second phase of the study, Phase I results were used as a base for an ex-
perimental/analytical program which examined the various problems in detail and
developed design solutions., Techniques developed in Phase I were refined and expand-
ed, A series of bench tests were run with noneryogenic fluids to provide information
with which to correlate analytical models and develop empirical relationships where
analytical models were not applicable, Second phase results have been presented in
the form of a design handbook containing useful fluid, thermal and structural informa-
tion, and a report covering analytical, experimental and design studies performed for
the missions of interest.

This report is one of four volumes to the final report. The other volumes are the
Design Handbook, Phase I Final Report and Related IRAD Studies.



FLUID ANALYSIS

The fluid analysis performed in the second phase was devoted primarily to more
detailed consideration of problems uncovered in Phase I, Areas investigated were
capillary device residual, spilling, vapor ingestion, refilling and wicking predictions
and analysis of settling, pullthrough and pullthrough suppression, vapor impingement,
propellant control screens and wicks for temperature control,

2.1 S-IVC LH, TANK START BASKET SURFACE AREA MINIMIZATION

In the course of the thermal analysis it became obvious that the surface area of the
S-1VC LH, tank start basket would be a critical factor for effective start basket
cooling, It was, therefore, deemed necessary to minimize the surface area of the
LH, start basket, Calculations indicated that the minimum surface area configura-
tion should follow the contour of the aft bulkhead, The results of the parametric
analysis of the start basket configuration are presented in Figure 2-1.

For the anticipated volume of 200 ft3, the minimum surface area as illustrated in
Figure 2-1, is 275 ft2, This area was within the allowable limits determined by the
thermal analysis of Chapter 3. The surface area for the start basket of Figure 6,
Reference 2, is 375 ft2 which exceeded cooling capacity allowable limits, Based on
the thermal requirements, the LH, start basket configuration was therefore revised
to that shown in Figure 2-2,

2.2 OUTFLOW ANALYSIS COMPUTER PROGRAMS

A major portion of the second phase fluid analysis was devoted to consideration of
capillary device outflow during restart and during tank draining, Two computer pro-
grams were written to predict those two outflow phenomena. The INGASP program
predicts spilling, vapor ingestion, pullthrough and refilling of a capillary propellant
control device during restart. The DREGS2 program predicts liquid levels and
volumes in a draining tank containing a capillary device. Both programs were written
with screen flow and vapor pullthrough equations obtained from Convair test data '
correlations. Correlation of DREGSZ2 and INGASP predictions with S=-IVC scale model
tests was successfully accomplished, as discussed in Section 4.
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o - 1,57 BASKET

/<1.5H
H
[
|
l
{ R = 136.0"
U
w
S-IVC TANK WALL
VOLUME (FT®) H (IN.) AREA (FT2)
50 20,0 100
100 32.0 177
150 41.5 235
175 45.5 256
200 49.0 275
250 5545 303
300 61.3 325

Figure 2-2. S-IVC LHg Tank Start Basket = Minimum Area Configurations
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The following paragraphs will discuss the development of the outflow computer
programs and indicate their application in obtaining parametric data for optimizing
S=IVC LHg and LOg designs.

2.2.1 S-IVC RESIDUALS. Residuals were determined for the S=IVC case by analyzing
the flow in the capillary device region during draining using the DREGS2 computer
program. A brief discussion of the program presented in the design handbook is
repeated here for convenience., A complete listing of the DREGS2 coding may be

found in Appendix B, design handbook.

The problem is trivial until the liquid level recedes to the top of the capillary device.
At this point the liquid pressure drop through the side screen is evaluated to see if the
surface tension pressure of the top screen is exceeded. If it is, vapor flow through
the top screen is computed by equating pressure drop across the top screen to pres-
sure drop across the side screen. A criteria which also must be satisfied is QGA +
QL1 = QLO. These two equations are solved to obtain the flow rates and pressure
drop.

The other initial possibility is that the
surface tension pressure of the top
screen is not exceeded by the flow
CAPILLARY .
DEVICE TOP SCREEN pressure drop. Liquid volume outside
\ Pu | / the capillary device is then reduced
until either the side or top screen
pressure drop is exceeded, The calcula-
tion at this point relates the pressure
drops and flow rates as indicated below.

\ 5 \ The program calculates the flow rates
TANK OQUTLET SIDE ' and pressure drops in the system.
SCREEN This is done by iteration. The pres~
Figure 2-3 . DREGS Model sure drop across the top screen is
Terminology calculated to determine the direction

of the flow, i.e., if HG HLI-HLO
liquid would flow from the capillary
device to the tank and if HG- HLI-

HLO flow would occur into the capil- -
lary device. Flows are computed using
the pressure dyops referenced against
the common ullage pressure. For
example if HG HLI-HLO, flow across
the top portion of the side screen would
be from liguid to vapor. designated by
QL2 and would be found by integrating
the expression

Py~ HG + HLI - HLO

24




DH

f

X

QL2 =

1/2 dH

2 .
-~ [e. AL + AL” + 4BL [HLI-HG])

HLO

which is obtained by inverting the screen flow pressure drop equation. BL and AL
are screen flow pressure drop constants, X is the width of the screen, and DH, HLI,
HLO, and HG are head terms shown in the figure above.

Proceeding from these two initial states; for each time step the flow rates and rela-
tive volume changes are computed, New liquid levels are computed for the new time
steps and calculations of flow rates are repeated. The general procedure is iteration
to satisfy both pressure drop and volume conservation considerations, Computations
are considered for all possible variations in liquid level, Pullthrough terminates each
case when the liquid level inside the capillary device falls below the pullthrough height
as computed by using the flow from the free surface inside the start basket or QLO-

QL1-QL2,

A complete listing of the program in Appendix B of the design handbook indicates the
equations used to evaluate the liquid level cases not discussed in detail here,

2.2.2 $-IVC SPILLING AND VAPOR INGESTION (INGASP) — The phase I final report
and the design handbook discuss how liquid can be retained within a screened reservoir
during the S-IVC restart sequence. The third quarterly progress report identified the
method of analysis which was used to develop the initial capillary device configurations
for minimizing vapor ingestion and spilling in the S-IVC LOg and LH, capillary de-
vices. The basic analytical approach is summarized below for liquid spillage and
vapor penetration calculations,

For Liquid Spillage: Py, > Py

P =P +
L=, p(g/gC)H

P =P -~ AP whereP = f(A , §
g u g g ( g og)
P - P = -
L u P(g/gc)H APg
when P_ - P =0, H = AP
. L " g/p(g/gc)
where ¢ = 0andAP = AP
L g g
O
. Py now § = Senome * 0
0 AP P_-P)
where § oA —£& and 5« A L
5 g g Pg L L p-
ENGINE




For Vapor Penetration: PL< P - Py
u

g, A
gi g
I | D L AD w e/ v E
J’i ! u Pu PL = APg p(g/gc)ﬂ
P
g now 5 +3 =9

g v ENGINE

AP '(Pu - PL)
d A \/—2 5 oA —_—
where 0goc g 2 and 0VOC v )

g- v

No flow will occur across the capillary device
side screen area if the pressure loss across the
top screen exceeds the hydrostatic head of the
liquid by less than the surface tension pressure,

.

"ENGINE " This can be expressed as

APy, > AP - p(g/g )H where AP > p(—&)H
g c g gc

Flow across the screens is obtained from evaluation of the general expression

A pvL  A_pV3L
1 2
AP Tr T YD og
afe a B¢
where p and p are fluid viscosity and density, D, is the screen average capillary
diameter, V is the velocity across the screen and Ay and Ag are constants obtained
from Section 2,2 in the design handbook,

Equations evaluating screen pressure drops and flow rates based on relative liquid levels
inside and outside the capillary device during restart were formulated into a computer
program, The program, INGASP, computes in time steps, for a given outflow rate,

the flow rates through the top and side screen which satisfy conservation of volume

and balancing of the pressure drops. Refilling of the capillary device due to collected
fluid is also considered in the calculations as well as all possible liquid level combina-
tions in the tank and capillary device,

Several simple cases considered by the program are illustrated in the following equa~-

tions, This fivst case is where no liguid has been collected cutside the start basket
and vapor is being ingested info the capillary device,
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Vapor will break through the top screen initially when a restart occurs. The magnitude
of the pressure drop is critical in determining the flow across the screen surfaces on
the side of the capillary device. lLooking at one case, the pressure drop Z‘sPL = PumPL
at the top of the side screen, with no liquid collected outside the basket is,

SOLID MATERIAL/,QGA '\ HG Py
P

AP_ =HG - HT
L :

if APL < 0, liquid will spill from
from the capillary device

| I § T HO
if AP_ > 0, and > HS (surface tension DH A Pl Py
L - . 2 G L
pressure head) vapor will { G i B
. . AL
be ingested into the cap- SCREENED REGION
illary device '
' Q
if AP_ > 0, and < HS no flow will occur Figure 2=4. TFluid Configuration for
at this point. Spilling and Vapor
Analyses.

At the bottom of the screen APy =HG-HO and the same inspection of APy, is made to
determine the direction of the flow. For illustration, assume APy, >0 and > HS at the
top of the screen and AP, <0 at the bottom of the screen. The vapor will be ingested
over the top portion of the screen at a volume flow rate

HG-HS-HT o L
= dQy HS
which yields ° | HG

5e s HT
. _2 L 3/2 /
Q, =3 x\} oSV o, (HG-HS-HT)

No flow will occur over a region HS wide, Liquid flow will be
s 2
Qy, = 5 xV/2,/(CST) (HO-HG)3/2

where CSL and CSV are flow constants defined in the appendix in the INGASP listing.

Using triangle diagrams, such as shown above, the pressure drops and flow equations
for all possible cases were considered and coded into the INGASP program. These
cases included liquid level in the capillary device below the screened area and liquid
present outside the capillary device due to collection, with consequent refilling calcu-,
lations. Initially the program made calculations to determine motion of ingested bubbles
based on drag between liquid and vapor flowing in the capillary device. This calcula-
tion is not present in the current listing because the change in velocity due to drag was
found to be negligible for all cases run with that option included. The problem case

is terminated when the liquid level in the start basket falls below the pullthrough height.
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A listing of the complete program showing all the cases handled is given in Appendix A
of the design handbook,

The program was fivst applied to optimizing the 5-1VC LOo tank capillary device
volume, The initial configuration considered was a 96-inch diameter cylinder, 18,2
inches high, having a 17, 5-inch high conical section, This configuration was a pre-
liminary design developed for the weight comparisons of Phase I and did not consider
the use of screen pressure drop to minimize spillage. An analysis described in the
third quarterly progress report was thus performed to enable a smaller LOy tank
capillary device to be designed, Calculations indicated that the capillary device cyl-
indrical section height could be reduced because the tank shape allowed spilled liQuid
to readily reentry the capillary device, The height was thus reduced to 6,1 inches in
the cylindrical section. After the INGASP program was developed it was convenient

to optimize the configuration still further by reducing spillage. Initially, the start
basket with 6, 1 inch cylindrical height was inputted on the INGASP program. The
configuration proved to have too much spilling due to the low standpipe pressure drop,
The area for standpipe flow was reduced to minimize spilling 8o premature pullthrough
would not occur, Initial runs before the scale model S-IVC LHy testing was performed
indicated that pullthrough still occurred at a relatively high start basket volume,
Examination of the pullthrough correlations indicated that the correlation used was
good for h¢ >> r which was not the case. Using a correlation where h, << r reduced
pullthrough height from , 87 to . 65 feet, Later a more accurate correlation where

h, ~r was used.

In order to reduce the pullthrough height below , 65 ft, a screen was placed over the
outlet of the tank, The placement of the screen was determined graphically by super-
imposing a template of the interface shape during pullthrough on the locus of minimum
liquid flow areas allowable, as shown in Figure 2-5, This locus was obtained by
equating the flow pressure drop to the surface tension pressure for a 200 X 600 screen,
The point at which the interface intersects the locug of minimum area is the optimum
point to place the screen, Placing the screen lower will not reduce residuals from

the unscreened case because the flow pressure drop will exceed the surface tension
pressure as soon as vapor encroaches on the screen, Placing the screen higher than
the , 37 ft selected, results in higher residuals due to the relatively flat interface shape,
For a highly curved low-g draining case it may be optimum to place the screen above
the minimum height position as was selected here,

With a pullthrough height of . 37 ft, several top screen flow areas were run to find
the optimum area. Based on these runs, depicted in Figure 2-6, an area of .50 ft2
was chosen for the top screen, Pullthrough suppression, using a correlation for in-
terface shape, where hC~ r, obtained from scale model tests was used in a similar
manner to obtain screen placement at . 20 inches ahove the outlet. This allowed a
volume reduction of 6 ft3 by reducing spilling. This is accomplished by reducing
midsection height from . 508 to . 390 feet. Additional optimizations using Phase I
test results and iterations between INGASP and DREGS are illustrated at the end of
this section.
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$ TANK WALL

AN
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!

I
START BASKET
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200 x 1400

FULL SCREEN AREA

l CYLINDRICAL SECTION

o
5.88 FT3/SEC 200 X 600

Figure 2=7, S=IVC LOg Capillary Device

2.2.3 QUTFLOW ANALYSIS OF S-IVC USING DREGS2 AND INGASP, After deter-
mining initial volume constraints for the S-IVC LHg and LO,, start baskets, the
INGASP and DREGS2 programs were used to arrive at a configuration which optimally
satisfied spilling, vapor ingestion, refilling and residual considerations,

For the S-IVC LOj case, initial runs were made to determine optimum top screen
area to provide maximum volume availability for restart purposes, This INGASP
evaluation, presented in Figure 2-6 , indicated that the top screen area should be
0.50 ft2, Dregs evaluation of residuals presented in Figure 2-8 illustrates that a
top screen area of 0, 50 ft2 also gives minimum total residual volume, If top screen
area is increased, spilling and residuals outside the capillary device will increase
due to the decrease in top screen pressure drop, The lower pressure drop allows
liquid to drain or spill from the capillary device at a faster rate, For the draining
case, more liquid will thus remain in the tank when pullthrough occurs in the capillary
device, For restart the liquid head in the capillary device will exceed the gas pres-
sure drop and spilling will occur, If the area is reduced, the screen pressure drop
increases and during restart vapor ingestion could occur in the capillary device which
might be entrained into the outlet. Reducing the top screen area increases residuals
by tending to make pull through occur at a higher liquid level, This is because the
flow from the tank becomes reduced as the level drops well below the capillary device
level, The increased flow from inside the capillary device causes higher residuals

to remain in the capillary device, offsetting residual reductions outside the capillary
device,

Additional runs were made with DREGS2 to evaluate the effect of pullthrough height
and side screen area on LO, tank residuals and are shown in Figures 2=9 and 2-10.
The configuration initially selected is confirmed by the low residual volume for

ALO = 9,85 ft2, The increase in residuals when the side screen is increased beyond
this area is due fo the reduced gas pressure drop when liquid falls below the top of
the side screen, Figure 2=93 may be used to predict residuals for given pullthrough

2=11
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49,0"

TOP SCREEN
200 x 600
AREA = 0.70 FT2

120°

VOLUME = 200 FT3
SURFACE AREA =275 FT

200 x 1400 SCREEN

e - 20.5 FT2, 12 INCHES HIGH

200 x 600 PULLTHROUGH SUPPRESSION SCREEN

Figure 2-14. S-IVC LHo Capillary Device Configuration (Deflector
Screens Shown in Figure 2-21)
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suppression, For the screen placement suggested in Reference 2-2, residuals will
be approximately 68.5 £t3, This is based on interface shape generated from the pull-
through expression when hy<<r, Pullthrough suppression to below this level is de-
cussed in Section below.

For the S-IVC LH, tank, the configuration initially selected had the top screen area
AG = 1,42 and the side screen area AL9 = 41 ft2, This configuration was selected
mainly from INGASP evaluation, Using DREGS2, this configuration was found not to
be optimum in terms of residuals, The top screen was found to be . 70 for minimum
residuals, as shown in Figure 2-11 , With this top screen area, the side screen area,
as shown in Figure 2-12, for minimum residuals is 20, 5 or 10, 25 ft 2, Inputting
configurations with AG = ,70 and ALO = 10, 25 ftz, and AL® = 41 ftz, results of
restart and refilling runs from INGASP are shown in Figure 2-13. This figure
illustrates that, for the refilling profile which is based on extrapolated MAC model
settling, the refilling is more difficult with the new configurations than with the initial
standpipe and side screen dimensions, The vapor in the capillary device at the time
liquid outside the capillary device reaches a level above the top screen will be trapped
within the capillary device. This time is estimated to be 10 seconds, as shown in
Figure 2-13 . Based on these settling assumptions, it appears feasible to safely use
the configuration which yields minimum residuals even though the initial configuration
performs better from a refilling standpoint, If the mission were a multiple restart
mission, a configuration such as initially selected might be selected because of the
higher relative importance of the refilling process.

The configurations selected based on this analysis are shown in Figures 2-6 and

2~15 , Pullthrough suppression screens were placed, using S-IVC scale model inter-
face shape data, at . 20 inches above the outlet for the LO, case and right at the top of
the outlet for the LH, case. Residuals will thus be 64.5 ft3 for the LOy tank and 44,2
for the LHy tank.

2.2.4 LO2 TANKER RESIDUALS., For gravity
fields of 6.5 x 10™* to 3.0 x 10~ g's exper-
ienced by the LOg2 tanker during draining, the
capillary device shown in Figure 5-48will be
able to hold liquid within the channels until the
pressure drop across the screen exceeds the
surface tension retention pressure drop of the
screen, Af this point, vapor will begin to flow
across the screen, causing a loss of capillary
device retention capillary with subsequent liquid Figure 2-15. LOo Tanker
spillage from the channels, Drawing.
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Draining will occur as discussed in Section 2.8 of the design handbook. If no pre-
cautions are taken it ig likely that vapor willbe ingested into the capillary device
near the outlet and would probably be transferred into the outlet before the spilied
liguid would cover the outlet. Spilling should thus be forced to occur well before this
time by causing the top screens to dry outf during scavenging, well before vapor is in-
gested into the capillary device near the outlet, Eventually a configuration will occur
as shown in Figure 2-15 with vapor pullthrough just about to occur.

The residuals in the tank can be estimated if the interface shape at pullthrough is
known, An attempt was made to use the Convair SURF model to predict pullthrough
and resultant interface shape during draining, Several runs were made at 6,5 X 1074
g's with a simulated LO, tanker configuration. Numerical instabilities resulted due
to the cell mesh being too coarse near the outlet, Refining the cell mesh prevented
instabilities however unfortunately, time steps were forced to be so small as to make
running of the problem to pullthrough financially infeasible, The prediction of pull-
through in the LOy tanker was thus estimated from semiempirical correlations sug~
gested in Reference 2-3 Using the method outlined for the S-IVC LO, tank, the pull-
through suppression screen was placed , 30 feet above the outlet, This is for a con-
figuration without a sump, For a configuration with a sump, it should be possible to
drain the tank completely with the exception of some small fillets between the channels
and tank and channels and reservoir. A residual estimate of 33 lbs was made for this
case in the systems comparison of Phase 1,

2.3 SETTLING ANALYSIS

Based on the MAC model runs made in Phase I, additional analysis was conducted to
determine S-IVC LH, tank liquid settling and reorientation times. Two techniques
were employed; the SLGSH program and the summing of the fluid dynamic sequential
processes,

Several settling cases were run using SL@OSH, a simplified MAC code, with relatively
coarse mesh (6 X 6 cells) in cylindrical coordinates, The unbaffled tank, containing
LHZ in a simulated zero~g configuration, is 10, 8 feet in radius and 28, 8 feet tall,
Settling acceleration is 0, 337 g,

Because of the low kinematic viscosity of liquid hydrogen and the large distance to

the aft end of the tank, violent splashing occurred as the two descending fluid columns
met, As time progressed, the violent splashing resulted in a situation where almost
all of the cells contained fluid marker particles, Since the MAC method considers
such cells as full, this point marked the limit of usefulness of this problem,

The obvious solution is to increase resolution by decreasing the cell size to approxi-
mate the size of the splashing blobs of fluid, This would, of course, materially in-
crease the problem running time, For the above problem, three seconds output were
produced in three minutes of computer time, To decrease the cell size to the size of
the fluid particles would make the problem unfeasible to run due to the large amount
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of computer time required. It thus appears that the setfling results presented in
Reference 2-1 for the S-IVC application are as accurate as can be expected with the
MAC method,

The other method used divided settling phenomena into these separate categories:

1. liquid descent

2. splashing up and free fall descent
3. high amplitude sloshing

4, turbulence decay

5. rise of entrained vapor
Liquid Descent

SURF analysis,Reference 2-1, shows that at about four seconds after the 0, 337 g
acceleration is applied, enough liquid has left the top of the tank so that sufficient
liguid has reached the aft bulkhead to initially submerge the start basket,

Splashing

SURF analysis indicates that local tank bottom velocities probably do not exceed 20 ft/
sec, The splashing time was estimated by computing the trajectory of a splashing
stream of propellant, For the velocities anticipated, the fluid will take approx1ma’ce1y
four seconds to redescend to the tank bottom after splashing,

Slosh Decay

Precise slosh decay times are difficult to obtain without extensive quantitative analysis,
Estimates indicate that several seconds would be required to permit continuous sub-
mergence of the start basket. The slosh decay relationships for viscous damping of
linear motion, Ref, 2-4, cannot be used because it is obvious that the high amplitude
waves are highly non-linear,

Turbulence. Decay to Release Bubbles

Bubble size and rise is governed by the scale and intensity of the fluid turbulence,
Assuming that the Kolmogorov scale, Ref,2-5, is of the order of the bubble size,
bubble rise can be estimated by comparing the inertia (turbulence) forces with the
buoyancy forces. Using References 2-5 and 2-6 we find that in order to obtain indi=
cation of good bubble rise t <<17 seconds.
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Bubble Rise

Bubble speed can be estimated by balancing drag and buoyancy forces., Using the tur-
bulent drag law, we find that the bubble rise velocity will be approximately 0.3 ft/sec.
Thus, for a three foot liquid depth we must allow 10 seconds.

The settling times can individually be listed as:

1, Liquid descent to cover start basket 4 sec,

2. Splashing 4 sec,

3. Slosh Decay 2-10 sec,
4, Turbulence Decay 17 sec.
5. Bubble Rise 10 sec,

This summary is not entirely satisfactory because, even if the times are assumed
additive (the processes mutually exclusive), production of slosh energy and turbulence
will continue until all liquid descent and splashing has ceased,

A practical solution is to assume:

1. Complete liquid descent takes 10 seconds,

2. Splashing and high amplitude sloshing will occur, but the start basket will
not be uncovered,

3. Turbulence decay cannot start until 10 seconds after thrust application,

Conclusions

Ten seconds is required to start turbulence decay. At that time the basket will be
continuously covered and refilling will proceed continuously. Turbulence decay will
take perhaps 20-30 seconds (maybe more). Bubble rise will occur in about 10 seconds.

2.4 WICKING ANALYSIS

Wicking along screens and between perforated plates may be used to prevent drying out of
screens and vapor formation in a capillary device caused by heating, A discussion in
Reference 2=-3 summarizes the equations to be used to predict wicking. Wicking data

was compared to analytical models which are described in this section, On this basis

a semiempirical correlation was chosen for predicting screen wicking,

Four models were examined to predict screen wicking: a capillary flow model in-
cluding momentum and end drag terms, a simplified capillary flow model, a semi-
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empirical model based on screen flow data developed under a Convair IRAD program,
and a semi~empirical model developed by Armour and Cannon, Reference 2=7,

The capillary flow model for a vertical capillary is given by

dh
4 {nRz [Ph + Pa(i’/.—h ):I]-CR— = 271 Rocosy - BTFQE [uh + ua (.Q-h)]

dt dt
rate of change of surface tension viscous resistance
momentum
2
2 1 2_/dh
- R _py)- iR <—) 2-1
TR gh(p pa) 4" dt
gravity end drag

where

R is the average capillary radius
P the liquid density
p_ the vapor density

h the final wicking height = (2o cos ¥)/(pgR)
h the height at time (t)

£ the height of the screen
o the surface tension

¢  the contact angle

1 is the liquid viscosity

1} is the vapor viscosity

This equation is generally simplified by assuming the rate of rise is slow enough to
permit the rate of change of momentum and end drag terms to be neglected, This
results in an expression,

b= g {[(’L' Fog) Do + Maﬁ] In (hj:oh ) SR )h 22
and for a horizontal screen with ¥ =0, and p >> p,,
2ph 2
t= oR
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Equation 2-2 has been correlated with test results at normal gravity using heptane.
buty! alcohol and other similar organic fluids, Results show good agreement and
indicate that the simplifying assumptions are reasonable, Where wicking velocities
are high such as in low gravity applications of interest, the rate of change of momen~
tum and end drag terms will be larger relative to the other terms of equation 2-1.

Thus, an attempt was made to solve equation 2-1in order to correctly model low
gravity wicking, Equation 2-1 was manipulated to the form:

2 2
dh 5p dh 8 dh
[ - b, (= )] G+ [2- o ](8) + 2= [ﬂhwa”'hﬂa‘{*

(p-p)eh-pghe=0

which simplifies to

2 2 ghoo

dh_. 5 /dh 8udh 42 _ 20cosy
dt2  ~ 4h <dt) “"R2pat % T h where by = TR 8R4 PRy >l

This equation has been numerically evaluated using a Runge-Kutta method computer
program solution,

Another model which was examined to evaluate screen wicking was the screen flow
pressure drop model of Armour and Cannon given by the equation

2
APg €
8. D 561

QBPE2Z  Re

+ 0,52

where D = Dpp, € =9, the porosity, Q is the tortuousity and B is the screen thick-

ness, BSetting AP to the surface tension driving pressure I;Mr , and B equal to h
BP
the distance wicked along the screen we can solve the velocity in a wicking screen

2

€ - 5
dh _ _8.254aD L. [(8.25 2D 1.92€°D (b, -h)g_ sing
at P B T :

for the non-horizontal case where

il

a surface to volume ratio

6 = angle between the screen and the horizontal plane

I

h, = 40/pg DBP

R, S U % U R U . B
and for the horizontal case 2-94
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2 by}
dh _-8.25p2 D 8.25 2D 15. 35 € 2o g
= + + o BC 2-3
dt P P hp

Both the horizontal and non~horizontal case were solved using the Runge-Kutta
numerical technique,

The other approach to predicting screen wicking was to use screen flow data, repre-
sented by an equation of the form
. A1 4 VL A2 Loy
AP = — = + for the horizontal wicking, 2-4

D D 2
BP a B¢ Da B¢

Solutions were obtained for wicking tests discussed in Section 4.0 . Wicking pre-
dictions made using the equations discussed were used to simulate test conditions for
the screens tested, Typical results are shown in Figure 4~1 along with the recom-~
mended correlation equation obtained from the test data. Since the equations presented
did not successfully predict wicking, the numerical solution computer programs will
not be presented here, but may be found in the third quarterly progress report,
Appendices A and B,

2.5 ULLAGE COLLAPSE

Pressurization with hot gas during engine firing may lead to severe ullage pressure decay
after engine shutdown due to liquid mixing with the ullage. If decay proceeds to below
liquid vapor pressure, boiling may occur within the start basket.

An analysis was performed for the S-IVC LH, tank, based on AS-203 and Centaur data

to determine acceptable GHo pressurant inlet temperature to assure that bulk boiling
would not occur. The PRISM program was used to determine ullage pressure collapse
from a tank pressure of 40 psia following an engine firing. A liquid vapor pressure of
25.0 psia, and 70% propellants were assumed. Ullage temperature (which was assumed
equal to the unwetted tank skin temperature) was the variable in this analysis. Two cases
of fluid mixing to equilibrium were considered: (1) liquid quenching of the tank walls,
whose energy release would result in liquid evaporation, followed by liquid/vapor mixing
to equilibrium, and (2) fluid mixing with no tank wall quenching. Figure 2-16 shows

the influence of initial ullage temperature upon final ullage pressure. The quenching
and mixing curve indicates that boiling will not occur at any initial ullage tempera-
ture. A minimum final pressure of 25.0 psia will occur for a 100°R ullage, which
indicates that the boiling threshold will be attained for that ullage condition. The
mixing=only curve indicates that LHo boiling will occur for initial ullage tempera-
tures greater than 80°R. A 0.55 psi vapor pressure reduction will occur for a
200°R ullage. This pressure decay will cause sufficient boiling in the start

basket to generate 7% vapor by volume. This quantity of vapor generation does not

2=25




200 220

40 PSIA

INITIAL ULLAGE PRESSURE

LIQUID VAPOR PRESSURE = 25 PSIA

LIQUID LEVEL = 70%

AND MIXING

43 4

ARENNEERRE RN EY

R

4+

SEYR

R
u
1

T
]

&

T
’ 17‘4.

4
3

14

T}
AREEENSNES

e ae

180

160

0

14

120

100

80

0
ULLAGE TEMPERATURE (°R

6

40

(VISd) TYNSSTEd ADVITIN TVNIA

)

ine Firing

Ullage Pressure After Engi

igure 2-16,

F

2-26



appear to be excessive, Furthermore, it is unrealistic to assume that complete
liguid and vapor mixing will occur while tank skin quenching does not exist. It would
be more accurate to assume the converse is true,

It is expected that the real tank condition could lie above the quenching plus mixing
curve, A conservative estimate, however, would place the fluid conditions between
the two curves of Figure 2-~16 ., Thus, one would conclude that the minimum tank
pressure would occur for an initial ullage temperature between 100°R and 120°R,
Assuming a final tank pressure midway between the curves results in a minumum of
24, 86 psia, or a vapor pressure collapse of 0, 14 psia, Bulk boiling would result in
about 2% vapor by volume generated within the start basket, which should prove to be
no hazard for engine start purposes. Cooling of the basket by vent fluid can further

minimize this effect,
2.6 SCREENED CAPILLARY LIQUID COLLECTOR TUBES

The LH, tank heat exchanger vent system will require a continuous liquid supply for
operation during an extended coast duration, It has been decided to employ screened
capillary tubes as liquid collectors to achieve this end, The choice of a small tube
diameter in the order of 1-2 inches will guarantee liquid containment under aero-
dynamic drag conditions and attitude control motor operations, The use of a 200 X
600 dutch twill screen material for tube fabrication will assure a liquid film through-
out and permit flow losses of approximately 7 psf without vapor breakthrough, An
evaluation has been conducted to consider the effects of collector tube placement and
system losses on the design of such a liquid collection device,

The placement of collector tubes within the fuel tank is not critical, Because of the
approximate 60% full tank condition to exist in orbit, any number of collector tube
configurations should suffice, The selected configuration shown in Figure 5~11

will assure that a sufficient percentage of the tube surface area will be covered with
liquid to prevent liquid pressure drop across the screen from exceeding the surface
tension pressure retention capability of the screen,

An analysis was made to compute collector tube line pressure losses as well as
screen flow losses during operation., An LHo vent rate of 10, 8 Ib/hr was assumed
which is required to remove 2100 Btu/hr of energy from the tank, Friction factors
were determined for 1/2 inch diameter tube on the basis of rough internal surface.
The pressure loss per unit length is plotted in Figure 2-17 ., Pressure losses due

to flow through the wetted area of 200 x 600 dutch twill screened collector tubes were
computed for 1,0, 2.0 and 10, 0 ft of wetted length, These flow losses were based on
empirical data given in Figure 50 of the Second Quarterly Progress Report, and is ‘
presented in Figure 2-17.

It is clear that the total collector tube pressure loss will be in the order of 0. 1 psf,
A wetted 200 X 600 dutch twill material can withstand approximately 7 psf differential
pressure, as shown on Figure2-18 for a 19u bubble peint, before the surface ten-
sion pressure is exceeded, It is evident, therefore, that system pressure losses will
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be sufficiently small that liquid collector tube design will not be compromised by
requirements to minimize flow losses.

Collector tube sizing calculations were also made for supplying pure liguid inlet to
the vent device for the LOX tanker configuration. The channels are individually
thermal controlled by collection L02 from each 14" X 1,4 " channel, throttling the
fluid through separate ''viscojets " for each channel and then flowing the vent fluid
through individual heat exchanger tubing attached to the channels,

An analysis was conducted to evaluate system flow losses both upstream and down-
stream of the throttling device, It was determined that the combined flow losses,
excluding the throttling device, would be considered negligible, These flow losses
were based on a channel cross~section of 1,4 x 14, 0 inches, 1/8 inch 1. D. tubing,
and a 2, 0 Ib/hr vent flow rate split into eight separate paths,

2.7 PROPE LLANT CONTROL SCREE NS

Positioning propellants near the aft bulkhead of a propellant tank will reduce the time
required to refill a capillary device located at the tank outlet. An analysis was
performed to see if the additional weight of a system using propellant screens to
reduce settling time would be offset by the reduction in capillary device weight.

The propellant control screen placement chosen for the S-IVC LH, tank is shown in
Figure 2-19 . Initial calculations were made to determine how much boiling would
occur in the aft end of the tank, The boiloff, based on the heating rates given in
Reference 2-1, Table 2~-1, was expressed as (1546+8.8h) ft3 where h is the distance
between the screen and the highest point on the intermediate bulkhead. The volume of
the liquid contained within the screen is given by h = 3,22 + (Vg /361.2), where Vg

the volume available for settling, For a volume of 400 ft3 available for settling,

h = 4,32 ft. For this volume and height settling time will be reduced approximately
in half, thus allowing reduction in capillary device volume,

In order for the propellant control screen to contain propellant during the low gravity
coast period prior fo restart, the screen must remain completely wetted, This re-
quires the screen surface to be cooled by the thermodynamic vent system cooling
coils, The reduced start basket volume allows some of the cooling coils for the
start basket to be used to cool the propellant control screen, Screen hole sizes are
governed by the Bond number criteria at 1076 g's, These large holes should not
interfere significantly with the settling of the main propellant mass,

Based on weight calculations of Reference2-1, the propellant control screen would
weigh 291 lbs including supports and cooling coils, Total start basket weight reduc-
tion is 101 lbs, Since the original start basket weighed 313 lbs, it is obvious that
the propellant control screen concept is not attractive even if the seftling time could
be reduced to a very small value,
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Figure 2-19 , S-IVC LHy Tank Propellant Control Screen Placement

Propellant control screens would prove more attractive if the heating rates to the aft
bulkhead were lower, This would allow propellant to be positioned closer to the aft
bulkhead and settling time could be reduced more substantially., Also, if a smaller
amount of propellant was present in the tank, settling time without control screens
would be longer, This would necessitate a large start basket which would not be
needed if the propellant control screens were used, Propellant control screens
could be useful if these mission conditions are present,

2,8 WICKING TO REDUCE STRATIFICATION

It is possible to use wicking materials as in a heat pipe to provide uniform tempera-
ture within a closed vessel. Calculations were made to determine the usefulness of
wicks in reducing temperature stratification, Wicks were sized for the S-IVC LH,
tank to handle the maximum heating rate which occurs at the intermediate bulkhead.
For a screen liner to cover the inside of the tank, the total weight including supports
will be approximately 315 lbs. This wick saves an equivalent hardware weight of

90 1bs due to mixer weight and added boiloff, The wicks will thus not be useful for
the S-IVC mission,
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If the lateral accelerations are held to a minimum it will be possible to use a single
wick along one side of the tank to reduce stratification, This configuration would,
roughly, weigh 90 lbs, This makes the mixer system slightly better than the wick
because some mixer power is used to provide high heat transfer coefficient to the hot
side of the thermodynamic vent system, thus reducing the weight of this system,
For a mission such as the LOX tanker propellant transfer mission the capillary
device covers a substantial portion of the tank surface area, This screen material
can be utilized to reduce or eliminate temperature stratification in the propellant,
However, based on Reference 2-8, heat pipe information and wicking rates for the
screens to be used on the LOy tanker, insufficient volume flow will be pumped to
effectively reduce stratification unless a wick is fabricated specifically for this
purpose, Another problem with attempting to use the heat pipe principle is the
degradation in performance due to a noncondensible pressurant gas,

2.9 VAPOR IMPINGEMENT

During the reorientation of fluid from its low gravity position to a settled orientation,
the fluid experiences extreme turbulence for the S=-IVC case. This turbulence could
cause vapor to be entrained in the liquid which is flowing into the capillary device.
Vapor alone will not have sufficient momentum to overcome the surface tension
pressure and enter the capillary device.

The vapor which has entered the capillary device since it has been slowed by passing
through the screen, can be intercepted by placing a screen over the outlet to deflect
any vapor which would otherwise enter the outlet,

Figure 2-20 shows that for a 15 micron bubble point screen, the impingement
velocity must exceed 20 feet/sec for vapor to break through the screen, Results of
MAC model runs for the S-IVC LHg tank indicate that the fluid velocities will reach
a maximum of 55 ft/sec in the vicinity of the aft bulkhead, Thus, vapor impinging
on the screen will be carried through and into the start basket,

Velocity reduction across the outer screen was found by using equations from Hoerner,
Fluid Dynamic Drag, page 3-24., The outer screen lowered the velocity to below

4 ft/sec, Bubbles can thus be eliminated from entering the outlet by using a screen
deflector, The deflector, a 200 X 1400 screen shown in Figure 2-21 , operates by
utilizing the surface tension pressure retention of the screen to resist the passage

of vapor impinging upon it, A deflector configuration for the LO, tank would appear
as a spheroid mounted over the outlet within the capillary device.
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The tangential component of the velocity of the bubble, coupled with the hydrophilic
tendencies of the screen in LHy and LOy will cause the vapor to be rejected into the
top of the capillary device away from the outlet,

Vapor entering the basket due to impingement should not force liquid to spill from the
start basket, The effect of vapor entering the side screen will be to reduce the vapor
flow through the standpipe.

TANK
WALL
]
CAPILLARY
DEVICE
200 x 1400
SCREEN T
BUBBLE
POINT = 13,41
DEFLECTOR
SCREEN

DEFLECTOR SCREEN IS ATTACHED ACROSS
ENTIRE CAPILLARY DEVICE

Figure 2-21, Schematic of Deflector Screen to
Prevent Vapor Ingestion,
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SURFACE TENSION START BASKET AND
COLLECTION SYSTEMS THERMAL ANALYSIS

Of major importance in the design of capillary control devices for cryogenic fluids

is the prevention of liquid evaporation due to heating and/or tank pressure changes.

A concern with propellant heating is not only that internal evaporation will force

liquid out the device, but that the capillary liquid retentive capability may be impaired.

This section describes the thermal analysis performed on the S-IVC start baskets and
LOy tanker collection systems. Basic mission data applicable to this analysis are
presented in Table 3«1,

The basic purpose of the thermal control systems is to prevent vapor formation
within the containment systems and associated feed lines. The design approach taken
was to eliminate all vapor formation, even though in actual operation a small amount
may be permitted.

In the case of a perfectly mixed tank fluid (no superheated gas) at constant pressure
with no direct contact of the basket fluid with warm tank walls, no vaporization would
occur in the basket. However, under actual conditions basket supports are required,
tank mixing is not complete, and the tank pressure does change. The effect of these
real conditions are taken into account in the analyses presented in the following
paragraphs.

3.1 S-IVC THERMAL ANALYSIS

The basic system proposed utilizes heat exchangers to cool the start baskets, engine
feed line and to maintain constant pressure in the LH, and LOX tanks. Heat transfer
to the cooling channels must be predicted in order to properly size the system. How-
ever, even with the best heat transfer predictions, fluid conditions may vary suffi-
ciently so additional heat exchanger length must be provided for insurance.

One possible configuration is illustrated in Figure 3-1. The cold side fluid is liquid,
collected by screened tubes designed to provide the necessary cooling flow. The
detail design of this collection system is described in Section 5.1 . Liquid inlet to
the cooling system is required fto assure sufficient cooling capacity. Heat exchanger
coils are wrapped around the start basket to assure that no vapor is formed within it.

3-1




Table 3-1. Basgic Mission Data Used in Thermal Analysis

5-1VC Mission

1076 g's Acceleration
LHo Tank

Total Heating = 2140 Btu/hr
Forward Dome and Joints = 200
Cylinder Wall = 170
Aft Dome and Joint Area =470

Common Bulkhead = 1300

P = 25 psia; 30 Day Mission )
60% LH9 During Coast
Thermodynamic Separator Assumed with 1-2 psi Band

LOZ Tank

Total Heat Input = 2500 Btu/hr
Net Heating = 1200 Btu/hr
Py = 25 psia

LOy Tanker

163 Day Mission

95% Initial LOg

1079 Orbital Drag

LMSC Tank (218" Dia Sphere)

Total Orbital Heating = 8050 Ibp . in 163 Days (188 Btu/hr)
Pp = 15 psia

The engine feed line is then coiled with tubing to keep vapor from forming there. For
the system shown in Figure 3-1, tubing is then wrapped around the tank to provide
maximum cooling efficiency of the vented hydrogen. The LOg tank is then coiled with
the GHo heat exchanger tubing around the start basket and feed line area to eliminate
formation of oxygen vapor. Local overcooling of the tank wall is a possibility however.
Thoroughly mixing the S-IVC LOX tank contents should prevent solid oxygen from
forming. This condition is analyzed further in Section 3.1.6.

Initially the possibility of eliminating vaporization within the start baskets was investi-
gated with the idea of reducing AT for normal spacecraft surfaces. The conclusion,
based on this finding, was that in order to assure no vapor formation, the start baskets

o
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THROT-
TLING FROM LIQUID
VALVE COLLECTORS

Figure 3-1. Schematic of S~IVC Wall
Heat Exchanger Vent System

must be protected with vent system cooling
coils and the basket surface areas main-
tained at or below the tank saturation
temperature.

Heat exchanger sizing for start basket
cooling and tank pressure venting is based
on the first law relationship of Reference
3=2, as presented below.

__Q+?
V. hy+eM(l-e) - h

m (8=1)

L
PT=Const.

where
rhv is the vent flow rate
h2 is the exit enthalpy

hL is the tank liquid enthalpy

e is the vapor density/liquid density ratio

X is the heat of vaporization
Q is the heat input rate

P is any power input

Using Equation 3-1, values of vent flow rate as a function of total energy input are

presented in Figure 3-2.

The basic sizing problem is to assure that for a given flow rate, the desired exit
enthalpy of Equation 3~-1 1s attained. This equation must be satisfied in addition to
Qe/ (hgy-hy) where Q is the engine feed line heating and h is the exit enthalpy

of the vent fluid after coolmg the feed line.

For the cold side of the cooling tube, heat transfer to the flowing fluid is computed by
considering the process to consist of three phases (x indicates quality - % vapor):

1. nucleate boiling, 0 = x = 0,90,

2. fully developed turbulent flow at constant temperature (saturation) 0.90<x = 1.0.
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20 3. fully developed turbulent gas
flow with increasing tempera~-
7 ture T > TS AT

e Heat transfer coefficients on the
15 7 - outside of the tube can take on a
yd ‘ wide range of values depending
7 on the external fluid conditions.
7 i Because the inside coefficients
7] ———— are so high the tube design is
ya — controlled by the exterior
7 coefficients. Some of the possible
7 fluid conditions and resulting
7 external heat transfer coefficient
. A ranges for the S~IVC application
5. - S AR are
1000 ) 2000 3000 4000

(@Q +P), (Btu/Hr) 1. liquid free convection,
0.1 <h <1.0 Btu/hr ft2 °F

oy
(=1
N

M v (Ib/hr)

Figure 3-2. H, Vent Flow Versus Energy Input 2. gas free convection,
(Pp = Const @ 25 psia) .02 <h < .2 Btu/hr ft2 °F

3. liquid forced convection, 1.0 <h <10 Btu/hr ft2 °p

4. gas forced convection, . 1<h<1 Btu/hr ft2 °F

5. film condensation with free vapor convection, 4 <h <10 Btu/hr 2 o
Specific heat transfer coefficients are presented in section 3.1.2.

From the above data it is seen that for different fluid conditions existing at the start
basket the total heat transfer can be significantly different and thus the outlet enthalpy
or fluid condition can vary. This is illustrated in Figure 3-3 where typical coolant
fluid state conditions are shown for different start basket external fluid conditions.
The numbers shown on Figure 3-3 correspond to those of Figure 3-1 and illustrate
typical state conditions throughout the vent path.

The system must be designed to assure that cooling temperatures below saturation exist
throughout the length of the cooling coils without requiring cooling flow in excess of the
normal hydrogen tank kzoiloff rate. The maximum total vent flow is determined from
Figure 3=2 where Q + P ig the total hydrogen tank energy input. The basket and feed
line exchanger sizing is thus based on providing essentially a saturated GHs vent fluid
at the feed duct cooling outlet (state 4, Figure 3~1) under the maximum heat transfer
conditions which can exist at the basket and feed line. Based on this sizing restriction,
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Figure 3=-3. Typical Thermodynamic Performance of Start Basket
Cooling System

tube lengths at the tank wall required to provide the desired exit enthalpy for the low
range of start basket heat transfer coefficients are very long.

In order to provide forced convection heat transfer coefficients, rather than free
convection at low-g, mixing can be utilized. Small flow velocities can produce a
considerable increase in the minimum external heat transfer coefficients. Ina
complicated tank configuration the strength and direction of circulation currents are
very difficult to predict.

Three objectives must be met by a circulation system: the induced heat transfer
coefficients must be high enough, they must be reasonably uniform over the start
basket surface, and the fluid motion must be effective in reducing temperature stratifi-
cation. Location, quantity and size of fans or pumps to accomplish the above objectives
must be determined. Obtaining this type of information is discussed in Section 3“, 1.1

In order to take full advantage of the high heat transfer coefficients which can be
provided by a mixer the coils leaving the feed line can be routed directly to a bulk
exchanger integrated directly with a mixer. Two such systems are shown in Figure
3~4 and Figure 5-2,

The system shown in Figure 3=4 has the bulk heat exchanger in series with the start
basket and line cooling coils. With this type of system, in order to provide a continuous
vent flow, a continuous flow tank pressure regulator would be required at the vent
outlet of the bulk exchanger as well as a throttling regulator at the inlet to the start
basket cooling coils.

The system shown in Figure 5-2 utilizes a bulk exchanger operating independent of the
start basket cooling system to provide final tank pressure control through on-off flow
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PUMP regulation. This system allows
MIXER the basket cooling inlet throttling
/ . " device and flow to be fixed. This
— 5 also provides a congtant vent flow

BULK _‘\ »——-———h ' for cooling of the oxygen tank.

HEAT % Furthermore, this system has
EXCHANGER certain redundant qualities in
controlling tank pressure since
with only the cooling system
operating tank pressure rise would
be very slow and with the cooling
system non-operating the separate
bulk system could completely
control the tank pressure.

The present analysis is primarily
concerned with start basket system
thermal control and the actual
hardware used must be determined
on an individual basis once a
hardware development program is
initiated. Detail thermal analyses
are presented in the following
Figure 3-4. Schematic of Series Start paragraphs and will be applicable
Basket/Bulk System to both configurations.

3.1.1 MIXING ANALYSIS. Mixing was examined for the S-IVC in the context of
minimizing stratification while controlling heat transfer coefficients within reasonable
limits.

Mixing analyses are based on work performed by the Fort Worth division of General
Dynamics under Contract NAS8-20330 (Reference 3-3). Minimum mixing velocities are
based on requirements for penetrating the warm layer of liquid at the vapor/liquid
interface and mixing the bulk fluid in a reasonable time.

The applicable equations, taken from Reference 3-3 are presented below.

3

1 BATmaX 7° aP 1/2
(Vo Dol = 5~ 5 (3-2)
(1= (Vo Vinax) J (P +1) (P +3)
, N
Vo = .456 (3=3)
8]
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2

A 7 =1 8 (3"‘4)
Vg = Ay (Ve), (3-5)
& = bZ (3-6)
2
Np Dt
= e
®m ~ 7456 v, D (=7
0
where
Vo = yelocity at mixer exit
D, = diameter of mixer exit
(VODO)b = yelocity~diameter product required to penetrate warm liquid
layer at vapor/liquid interface
B = coefficient of volumetric expansion for the liquid
AT yhax = maximum temperature difference between bulk liquid and
liquid/vapor interface usually assumed to be 1°F
Z = distance from mixer to liquid/vapor interface
a =local acceleration
P = exponential constant usually taken as 1.0
Vmax = maximum centerline velocity with a temperature gradient
V}n ax = maximum centerline velocity without a temperature gradient
Vmax/Vinax 1S taken to be 0.9
\./’Z = volume flow rate at the distance Z from the mixer. Includes
entrained flow,
{70 = yolume flow at mixer exit
Ag = total flow area at the distance Z from the mixer
(Ve}z = mixer exit velocity at distance Z from the mixer
& = radius of flow at distance Z from the mixer
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b = proportionality factor determining the spreading rate of flow
from the mixer, taken to be 0.25 for the present case

6 = bulk mixing time

N = dimensionless mixing time constant approximating 6.0 for
present conditions

Dy = tank diameter

In order to determine required velocities at the liquid/vapor interface to destroy
stratification Equations 3~2 through 3-6 were solved for (V; ), the required mixing
interface velocity. The resulting equation is presented below.

1/2
BATmax P 1/2 1/2
a Z

/V;nax)zj (P +1) (P +3)

. 057
(Vi)z = 9
b 1= (v

(3-8)

max

Based on the general definitions of the above terms, required interface velocities are
plotted in Figure 3-5 as a function of the distance of the interface from the mixer for
various acceleration levels. For the particular case where Z; is a maximum, for the
S~IVC hydrogen tank, of 33 feet the data are plotted in Figure 3-6 as a function of
acceleration.

These velocities are taken as a minimum for determination of heat transfer coefficients
at the start basket. The velocities so determined apply to both gas and liquid surround-
ing the start basket since the mixer is essentially a constant volume flow device.

In order to specify pump sizing requirements the pump outlet flow and diameter
necessary to provide a specific velocity at a certain distance from the mixer is
desired. Rearrangement of Equations 3=3 through 3-6 result in the following relation.

(\ofO/D , cfm/in.)

_ o
Vg, fps =.465 Z. 1 (3=9)

Solutions to this equation are plotted in Figure 3-7 for easy reference.

A further criteria which is important in establishing mixing requirements is the time
to mix. A reasonably short mixing time allows intermittent operation of the mixers
thus minimizing total power requirements. Also at initiation of the coast phase it
would not be desirable to wait too long for mixing to occur during which time a
significant amount of stratification could build up and allow vaporization in the start
basket. Using Equations 3-3 through 3-7, mixing time as a function of interface
velocity and pump outlet conditions is plotted in Figures 3-8 and 3-9 respectively.
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In order to fully evaluate the effect of mixing and non-mixing on system performance
heat transfer coefficients over the full range of possible tank conditions are required.
These data are presented in the following paragraph.

3.1.2 HEAT TRANSFER COEFFICIENT. Applicable heat transfer coefficients to be
used throughout the detailed thermal analysis are presented in this section. Conditions
of forced flow and natural convection for both liquid and gas are analyzed. Condensation
heat transfer was also considered for the gas case. The following equations from
Reference 3-4 were used.

Forced Convection, Laminar Flow Rey =5 X 109

1/3 1/2 (K
By = .664 (Pr) '~ (Re) <§> (3-10)
Natural Convection, Laminar Flow Gr, < 10°
1 1
h, = = <£) 3-11)
£ /4 \x (

1
(.952 + Pr)
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Condensation, Laminar Flow

— 4 1/4 <K>
where:
Tlf = average film heat transfer coefficient
X = length from start of temperature boundary layer at a flat plate
X 0
2
ar =8 BAT X° o
X 2
)
Cp "
Pr = —
Tk
2 3
gop A X

N =
SH 4 uyp Ky (Tg- T)

AT = témperature difference between bulk fluid and heated or heating surface

Ty = saturation temperature

Ty, = wall temperature
Data were generated over the expected range of AT, acceleration and flow velocity for
both hydrogen and oxygen. Results are presented in Figures 3-10 through 3-17. Fluid
properties used in developing the data are presented in Table 3-2,

It is seen from the above heat transfer data that for temperature differences expected
and in the absence of forced flow, condensation heat transfer will be the limiting factor
in maintaining a subcooled liquid in the start basket. Comparing with forced flow heat
transfer for the case where Tg~Ty, = 1°F and a = 32 x 10~6 ft/sec2, from Figure 3-11,
hy =7.19 Btu/hr=-ft2-°F and from Figure 3-12 it is seen that the velocity at the LH,
start basket can be as high as 0.205 fps without increasing the heat transfer over that
of the condensation case. Also from Figure 3-8 this velocity is seen to provide a
mixing time of only 0.46 hours. In the final design, in order to minimize mixer
power, the actual velocity would likely be somewhat less. From Figure 3-5 at 106
g's, the velocity required to mix the liguid/vapor interface is only 0.0023 fps at

Z; =33 ft.
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Table 3=2. Properties Data Used in Heat Transfer Calculations

LH,:

GHZ:

L022

GO,:

B =.00916/°R
g =9.25 x 1076 1p/ft-sec

p  =4.26 1b/ft3

k = .0679 Btu/ft-hr—°F; Pr =1,13
¢y = 2.3 Btu/1b-°"F
A =188 Btu/lb for condensation heat transfer calculation

o =.141b/ft3; B=1/T =1/40°R
g =0.77 x 1076 1b/ft-sec

k

. 0106 Btu/hr~ft-°R

Pr =.,87

B =.0024/°R; K = ,0865 Btu/hr=ft-°F

w =12.4 x 1079 lb/ft-sec, o = 71.08 1b/ft3

=,4054 Btu/lb-°F

Pr =2.11

X =91.4 Btu/lb; Ngy = 3.2 x 1011/AT @ (a, =106 g's)
Gr =1.605 x 10% AT @ (a = 10-6 g's)

.285 1b/ft3; B= 1/162.75

o
1l

Ii

005 Btu/hr-ft-°F; ¢ = .219 Btu/1b=°F

K p

L = .45 x 1070 1b/ft-sec

Gr, =5.085 x 104 AT @ 2 =1076 g's; Pr = . 71
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Thus, in designing the start basket cooling system, condensing heat transfer is taken to
be the maximum heat transfer case.

As mentioned previously, two major design requirements are imposed on the system;
(1) the maximum temperature at any point on the start basket (T,,) must be no greater
than the tank fluid saturation temperature and (2) the total heat transferred to the basket
and thus the cooling system (Qp) must be less than the total external heating. Along
with this there must be sufficient heat capacity in the vent exiting from the basket to
cool the hydrogen feed line. Data for determining values of T, and Qb as a function of
cooling configuration are developed in the following section.

3.1.3 BASKET SURFACE HEAT TRANSFER. The configuration analyzed is shown
below, along with applicable equations from Reference 3-5.

ENVIRONMENT TEMP., COOLING TUBE

Ab/ 2

-t SURFACE
COLLECTED X
LIQUID T =T
T a/2 | a/2 m
c
x
- h 9 -
T =~ Ty =cos [ N(@/2) @ a/2)] o1
Tc - TH cosh N a
2
(T, =T)
H c
T =T  -— (3-14)
(a/2) H cosh N-rdl
2
a
Q KW te N tanh NE
A (T.-T) a/2 (3-15)
b H c
T m'TC a
e = cash N? {3“16)
Y
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where

/ h
N = AY - f
Kwt,

KW t = effective conductivity - conduction thickness of the structure to which
the cooling coils are attached. Estimated to be nominally .03415
Btu/hr-°F for the LHy start basket case.

Ab = total surface area of basket
Te = coolant temperature
a/2 = half the distance between the coils

Data obtained from the solutions to Equations 3-15 and 3-16 are presented in Figure 3-18
and 3=19 respectively.

3.1.4 TWO-PHASE PRESSURE DROP ANALYSIS. Two phase flow pressure drop
calculations are made using the methods and data presented in Reference 3-2, In all
cases the tank pressure upstream of the throttling device was assumed to be 25 psia.
From Reference 3-2 the two phase flow pressure drop (APppy) is taken as

v —— 2 ‘
where

APV = single component frictional pressure drop assuming only the vapor
fraction is flowing,

Sypt = function obtained exﬁerimentally

Substituting for AP, where

v 2
fL e
P, == p — -
APy =T Py o (3-18)
and since m, = Py A Ve and m, = Xavg m,,
2 o 2
X m
L Py avg T 2
APrpr ™ D 2 2 G (3-19)
ch p\v A
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Substituting A =1 D%/4 into Equation 3-19 and simplifying

APrpp zHﬁ—m L XZ“ ~ ﬁlT (2_) (3=20)
Do n2g pv avg t
c
Putting Equation 3=20 in a convenient parameteric form results in
AP s PSI =9
TPF 4.2 X 10 2 2
= X ) @ ) (3=21)

(L, in./(D, in.)%] [, To/hr)? (8,5 /ey 2V VH

where f is based on vapor only flowing in a relatively smooth pipe.

Data obtained from the above equation for hydrogen are plotted in Figure 3-20 as a
function of vent pressure for several exit qualities. The average quality is an arithmetic
average of inlet and outlet quality. The inlet quality is based on throttling from 25 psia
to the vent pressure at constant enthalpy with a 100% liquid inlet to the throttling device.
Values of 34t are found from data presented in Reference 3-2,

In order to determine the quality at various points in the cooling system as a function

of energy absorbed enthalpy values are presented in Figure 3-21 for various vent
pressures.
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Figure 3-20. LH, Two-Phase Pressure Drop
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Figure 3-21. Hydrogen Enthalpy Versus Quality

3.1.5 THERMAL ANALYSIS OF START BASKET COOLING LIQUID COLLECTOR
CHANNELS. A liquid inlet to the start basket cooling system is necessary to provide
a sufficient amount of cooling. A system was sized on the basis of collection and flow
requirements as discussed in Section 3, 1. The basic system is illustrated in Figure
3=22, The following thermal analysis was performed in order to determine the
criticality of supports and the total amount of energy which may be transferred to the
cooling fluid prior to entry into the basket cooling tubes. A knowledge of this energy
transfer is important in that the available cooling in the vent fluid is thus reduced by
an equivalent amount.

Two sources of heat transfer to the collection channel fluid are present;

1. Heat from the bulk tank fluid due to the temperature difference between bulk and
collection fluid due to pressure drop through the collection screens.

2. Heat transfer through the supports which are intercepted from going into the tank
bulk fluid due to conduction in the tank walls.

In the case of item 1. the maximum AP across the screens was estimated to be 10 psf
which corresponds to a temperature change of 0,0201°R at a tank saturation pressure
of 25 psia.
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Assuming condensing heat

1T transfer as the worst case then
from the equation presented
I ' with Figure 3-11 and the data
i}lustrated in Figure 3=22,
_bn, QroTat, i calculated to be

21,8 Btu/hr. This represents
only 1% of the total tank heat
| leak.
TANK WALTL T T — 7Ar
AL ALY 15" ' In the case of heat transfer

L through the supports the applicable
H equation is taken from Reference
3~5 and is presented below.

SUPERINSULATION

. K(er)
Q =(T -~{)2nk 8e€rs————
12 SUPPORTS [ k ° n W Ko(€ I.S)
PER TUBE LSS g ag, ™ 5605 11
: (3=-22)
L f).]z()‘(:fOx;{A{g;J)o where
TUBE
— Q o= heat transfer at each
EACH APPROXIMATELY support assuming the
_— support path between the
wall and channel does
Figure 3-22. S-IVC LH, Collection Tube not restrict the heat
Support Configuration flow.
& = tank wall thickness, in this case taken to be 0.125 in.
= +
€ J(hfl he,) /Ky, 6

h¢y = heat transfer coefficient external to the tank wall. Taken to be 3.82 X 10~%
Btu/hr-ft2-°F in this case for the superinsulated tank where the total heat
leak through the cylindrical portion of the tank was 170 Btu/hr from Reference
3-6 over an area of 1238 ft2. The total temperature difference across the
insulation was taken as 360°R (400-40°R).

hfz = heat transfer coefficient between the wall and tank fluid.
rg = the radius of the channel support at the tank wall.

r = wall temperature at an infinite distance from the support =
+
bey Tgy *hey Tgy
Bey * By
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Tg 1 = temperature external to the insulation.

Tg 9 = tank fluid temperature

T,, = temperature at the support, taken to be 40°R in this case

ky, = wall thermal conductivity taken to be 40 Btu/hr=ft-°F at =420°F, This is
representative of material likely to be used in practice.

K = first order modified Bessel function

1
K, = zero order modified Bessel function

Assuming a worst case condition of gas at the tank wall and acceleration of 10~6 g's
and a AT of 1°F then from Figure 3-10 hf . 052 Btu/hr-ft2-°F, Taking r, = 0.75 in.
then QO = 1,73 Btu/hr from Equation 3~ 22 and for 36 supports the total heat leak is
62,3 Btu/hr. This gives a grand total of 84.1 Btu/hr possible, including that due to
pressure drop.

3.1.6 DETAIL ANALYSIS OF LHo START BASKET COOLING CONFIGURATION, Based
on the mixing and heat transfer data developed in the previous paragraphs a recommended
cooling configuration for the S=-IVC hydrogen tank conditions can be determined. The
design conditions to be defined are coolant temperature, flow rate and tube spacing.

The basic start basket configuration is shown in Figure 2-2 . From Figure 2-1

the total surface area is 275 ft2, An examination of the overall heating data presented

in Table 3-1 and the location of the basket shows that the most critical cooling area

is where the basket is close to the intermediate bulkhead. Heating through this bulk-
head is relatively high and stagnant gas can exist in the area between the basket

and wall and become significantly superheated. This represents a potential area of
vaporization at the start basket surface if sufficient cooling is not provided, The

step by step analysis proceeds as follows.

1. Determine the maximum heat transfer which can exist between any superheated
gas and the basket surface. This is a combination of the maximum heat transfer
coefficient and superheated gas temperature which can be expected. In the present
case this will occur in the common bulkhead area. Assuming the 1300 Btu/hr
heating at the bulkhead is distributed evenly over the 591 ft2 surface and further
that the temperature of the hydrogen and oxygen are 40°R and 170°R respectively
(under normal conditions) then an equivalent heat transfer coefficient across the
bulkhead [ g = Q/(AAT)] is 0.017 Btu/hr-ft2-°F,

Then for the 1.5 inch gap between start basket and bulkhead with a GH, conductivity
of . 0106 Btu/hr=ft an equivalent heat transfer coefficient between wall and basket

is determined to be . 085 Btu/hr=ft2-°F. The wall temperature is then calculated
by an equilibrium heat balance as
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_ .017 (170) + .085 (40)

=61.5°
w . 102 ok

Assume a value for cooling temperature or throttling pressure and calculate a
value for (TH~=TC)/ (Tyg~Ty,) where T, is the maximum allowable temperature at
the start basket. This is taken as the saturation temperature at the minimum tank
pressure, assumed to be 25 psia (39.9°R). In this case Ty = Tw and for a
throttling pressure of 15 psia (T = 36.8°R) and

Tu~Te  61.5-36.8

-T  61.5-39.9
Ty~ T, 5

= 1.145

From Figure 3-19 find an allowable value for the tube spacing to meet the above
conditions. A value of 10 inches is found to be reasonable.

The above analysis can then be repeated for the other basket surfaces and an
overall tube spacing determined. As a conservative first cut analysis the 10 inch
spacing is assumed to be distributed over the entire basket.

For the spacing determined above calculate the total heat transfer which may occur
between the tank fluid and cooling coils under maximum heat transfer conditions.

In the present case, from an examination of the mixing and heat transfer data,
condensing heat transfer was found to be limiting. Then from Figures 3-11 and
3-18 a total heat transfer can be determined. In the present case ATgyg = 1.55°F,
B¢ = 6.45 Btu/hr-ft-"F and Q/[Ay, (Ty=Tc)] =1.15. Then since Ap =275 {t2 and
TH~Te = 3.1°F, QrOoTAL = 1.15 (275) 3.1 = 980 Btu/hr, which is within the
allowable limits. Including the potential heat pickup in the collector channels of
84.1 Btu/hr the total maximum energy absorbed up to the basket outlet is 1,064
Btu/hr.

Determine a cooling flow rate from a fluid energy balance. From Figure 3-2,
assuming it is desirable to remove a total maximum heat energy of 1800 Btu/hr
through the circuit up to state 5 as shown in Figure 3-4, then a reasonable flow
rate would be 9 1b/hr. This allows for a reasonable variation in heat transfer
from nominal values presented in Table 3-1. The maximum energy or enthalpy
change of the cooling fluid between the tank and basket exit is thus determined to
be Qp/fy =1064/9 = 118.5 Btu/lb.

Referring to Figure 3-21 the basket cooling exit quality is thus 0.665. Considering
the energy required to be removed in the feed duct of approximately 100 Btu/hr
(Reference Section 3.1.7) the exit quality from the feed duct would be on the order
of .725. The overall cooling requirements and energy balances have been thus
satisfied and a sufficient margin of safety provided.
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7. ‘The tube size must now be determined and the overall pressure drop calculated.
The total tubing length for a uniform 10 inch spacing is determined to be 4,297 in.,
including the required manifolding. From Figure 3=20

. 2
Lm

AP =
TPF 5
Di

-8
(4.4 x 10 )

at x, = 0.725 and a vent pressure of 15 psia. Assuming a tube diameter of 3/8"
X .030 or D; = 0.315 inches then for r'nT =9 1b/hr.

2 -8
4,297 (9)" 4.4 x 10
AP = )

=4,94 psi
TPF P

5
(.315)

which is considered to be excessive. Next, assuming a 1/2" x ,030 tube with
Di = .4:4:0 in.e

which is considered to be reasonable.

In order to minimize the pressure drop a parallel flow arrangement using 3/8 inch
tubing was investigated and is illustrated in Figure 5-4,

The main disadvantage of this type of system is that proper flow distribution of the
liquid and vapor among the various passages can become a problem. Assuming only
gas flows in some of the tube passages then hot spots can develop due to insufficient
cooling in these areas and vapor thus formed within the start basket.

In order to estimate the relative magnitude of the problem the volumes of vapor and
liquid entering the basket coils under typical flow conditions were calculated,

For throttling from 25 psia (39.9°R) to 16 psia (37.1°R) the amount of vapor formed on
a volume basis was determined to be close to twice that of the liquid even though the
quality on a mass basis was only .039. This indicates that prevention of vapor from
flowing in some passages at the exclusion of liquid would be very difficult. The
calculation is presented below.

by = hy

X =
-h

hv L
m, = Xy
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my, = (1 = X) My

For p, = .0935 1b/ft3; py, = 4.38

The magnitude of this vapor fraction would seem to dictate the use of a series flow

arrangement with 1/2" cooling tubes.

One further refinement was made to the cooling tube configuration to reduce the total
tubing length. Since reasonably good mixing is anticipated in the regions near the top
and ends of the basket a greater tube spacing than 10 inches can be used in these area.

Assuming a tube spacing of 16 inches and performing an iteration between the data of
Figures 3~10 and 3-19 where T, = 39.9°R, T, = 36.8°R and the acceleration level is
10-6 g's, then an allowable gas temperature (Ty) of 47°R is obtained. This represents
a 7° superheat which can be tolerated in this area and is considered to be a reasonable
design assumption where complete tank mixing is accomplished. This system design
is presented in Figure 5-4A, For this configuration the total tubing length is still
approximately 4, 000 in. and a final estimate of the pressure drop results in a value

of .86 psi.

3.1.7 ANALYSIS OF LHy FEEDLINE COOLING. The basic feedline configuration

analyzed is illustrated below.

START

TANK BASKET
WALL /
ey

CRES .035 WALL

GAS/LIQUID
INTERFACE
SCREEN

TO ENGINE
1500 / 1 ENGINE

Figure 3-23. 8-IVC LH, Engine
Feedline

This line, whether liquid filled or dry, is
connected to a heat source from which it
cannot be effectively insulated. The central
problems are how to best remove the heat
introduced into the tank from the feedline
and how to ensure that the propellant feed
system will function properly when called
upon,

Initially, the feedline will be wet, and any
subsequent evaporation of the contained
liquid may cause expulsion of a volume of
liquid from the start basket equal to
approximately 30 times the volume of liquid
evaporated. It is thus essential to either
eliminate evaporation completely or to
provide a vent for the evaporated fluid.
Elimination of vaporization entirely
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requires removal of all incident heat, part of which is radiation from the warm end
of the tube. Radiation, unlike convection and conduction cannot be taken out at the
warm end because it can penetrate theliquid. A cooled optical baffle could be used at
the warm end of the pipe but since heat is continuously entering the liquid through the
insulation on the pipe some cooling over the entire surface will be necessary anyway.

Heat to be removed from the propellant feedline is tabulated below, assuming that a
four inch GHo gap exists between the heat source and the liquid/vapor interface.

Radiation 24.5 Btu/hr
Gas Conduction 25.7 Btu/hr
Metal Conduction 45,2 Btu/hr
Insulation Heat Leak 5.3 Btu/hr
Total . 100,7 Btu/hr

Heat from gas conduction and metal conduction can be removed at the warm end of the
pipe by heat exchanger coils wrapped on the outside of the pipe under the insulation.

The remaining 30 Btu/hr can be removed over the entire pipe surface by heat exchanger
tubes, coiled on the outside surface of the pipe, under the insulation.

In order to estimate the cooling tube spacing required along the duct wall, Equation 3-6
is used. The duct is assumed to be superinsulated with the same effectiveness as the
main tank such that Q/A =,113 Btu/hr-ft2 with an external insulation temperature of
450°R. The equivalent hy for use in Equation 3-16 is thus 2.76 x 10™% Btu/hr-ft2-°F,
For the following duct parameters, values of (TH-TC)/ (Tg-T4y) are plotted as a
function of tube spacing in Figure 3-24,

te = .035"; N = ,2745/1ft
k,, = 1.25 Btu/(hr~ft-°F) of CRES @ -420°F

Additional eooling coils are, of course, placed at insulation penetration areas such as
at the entrance to the tank and near the end where conduction from the engine is high.

It was further determined from solutions to Equation 3-15 that the presence of the
cooling tubes had negligible effect on the total heat transfer to the feed duct which must
be intercepted by cooling.

Calculations were made to thermally control the feedline interface screen configuration
in order to prevent vapor formation within the liquid on the upstream side of the screen.

Heating to the screen from gaseous conduction and radiation due to the hot engine and
feedline was conservatively computed to be 9,86 and 3.21 Btu/hr respectively. Metal
conduction along the duct was 18.8 Btu/hr and heat flux thru the insulation was 4. 61
Btu/hr.

o SHE3
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Figure 3-24. LHgp Feed Duct Cooling Tube Spacing

Using a stainless steel screen and backup support in the stainless duct proved to be
unsatisfactory because of the low thermal conductivity of stainless steel. Copper radial
strips on the screen were looked at but proved to be unsatisfactory due to high tempera-
tures between the strips. Copper screens with a relatively large cross section (30 x
250) were analyzed and proved to have sufficient conductance to keep fluid temperatures
well below saturation conditions. A configuration using a conical copper screen
attached to a stainless steel perforated cone which is in turn welded to the inside of the
duct will be thermally and fluid dynamically satisfactory. Cooling capacity and heat
transfer coefficients of the vented fluid are sufficient to use a single coil of heat
exchanger tubing at the circumferential secreen-duct attachment locus.

3.1.8 LO2 START BASKET ANALYSIS. Thermal analysis was accomplished on the
S-IVC LOs tank start basket configuration using external cooling, illustrated in Figures
3=1 and 3=4. In this configuration cooling coils containing hydrogen vent gas are wrapped
around the outside of the LO2 tank. Basket characteristics used in the analysis are
presented in Figure 3-25, '

An initial analysis was performed to determine whether or not it would be practical to
prevent evaporation from occurring at the basket during transient tank pressure decay
with an external cooling configuration. In order to prevent vaporization of any of the
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96'" Dia,

start basket fluid it is assumed

6”

that this fluid and also the
surrounding surfaces must be
maintained below the fluid satura-

\

tion temperature.

A maximum tank pressure decay

rate was determined on the follow=

v=d4,1 £t3 ing basis.
3 Tank Area
Vp = 68.5 ft Within Basket ". LOg tank net heating = 1200
Agp = 66.2 £t2 51 ft2 + 240 Btu/hr.
Figure 3-25. S-IVC LOo Start Basket 2. At the upper LOg9 tank pressure

limit the Hp cooling system is

designed to remove 1440 Btu/hr and assuming a 10% tolerance on this system a
maximum heat removal of approximately 1600 Btu/hr could occur. This results
in a maximum net heat removal from the tank of 1600=960= 640 Btu/hr.

3. The total mass of oxygen is 108, 000 1b.

4. Using the stratified pressure change model from Reference 3-7, where the percent

ullage is

5. Then from Equation 3

taken as 30%.

of Reference 3-7 the rate of pressure change, AP/At =

1450 (,00593)1: 1% = | 087 psi/hr

In order to be reasonably conservative a value of 0.1 psi/hr was used in the subsequent

analysis.

A thermal network was constructed and inputted to the Convair Thermal Analyzer

Computer program (Ref. 3-8).

Figure 3-=26.

The tank and basket section nodal set~up is shown in

The basket section was divided into 9 nodes with equal lengths between
node centers and the tank wall was divided into 8 equal length nodes. The section
. considered is taken to be 1/10 of the total tank circumference. During the pressure
\ decay cycle the warmest temperature of the start basket would be T1o as shown in
. Figure 3=26 and prevention of fluid vaporization at this point would be dependent on
the relative rates of tank pressure decay and hydrogen cooling effect.

Computer calculations were made to determine complete temperature histories under

the following conditions.,

1. The tank fluid at the basket was taken to be a gas and condensing heat transfer
(Figure 3-16) was assumed to occur between T9 and all start basket nodes.
Based on previous analysis (Section 3.1.2) condensing was determined to

3=30



produce the highest heat transfer.

2. Heat transfer between the start basket fluid (Tg)
and start bagket and wall is by natural convection

Tank (Figure 3=14) with an assumed acceleration of

Fluid Screened 10-6 g's,

2 O Start Basket

3. Heat transfer between adjacent wall nodes and

- //
- Ti2 basket nodes is by conduction.

-~ I
' 4. The maximum saturation temperature drop was

' 3 O calculated to be 0.12°R/hr based on a 0.1 psi/hr
pressure decay.

Start Basket
Fluid

5. A steady state temperature solution was obtained
prior to initiation of the transient calculations.
This was based on T1 =100°R and an initial
saturation temperature (To) of 163°R,

T20

The computer calculations show that the tank wall
exchanger cooling system is capable of preventing
vapor formation in the LOy start basket under the
conditions analyzed. At initiation of pressure decay Tg, T19, and Tgg were calculated
to be 149.22°R, 162.14°R and 147.43°R respectively. This results in a minimum sub-
cooling at any point of 0.86°R. During a subsequent 10 hour pressure decay period the
minimum subcooling (T5-T19) was found to be not less than 0.76°R, thus preventing
basket fluid vaporization. The data showed that for this temperature or pressure
decay rate the temperatures at all nodes corresponded to essentially steady state
values throughout the cycle,

Figure 3-26. LOg Start Basket
Nodes -~ S-IVC Half Section

From the above analysis it is seen that the anticipated pressure decay rate would not
cause vaporization to occur in the basket with any reasonable amount of basket
cooling. The next step in the analysis is to determine cooling system details as to
tube sizing and attachment configuration. From the computer analysis it is noted that
the heat transfer to the cooling fluid (Node 1) was 131.25 Btu/hr for the 1/10 section.
The total cooling for such a continuous tube attachment configuration would thus be a
minimum of 1,312 Btu/hr. The actual cooling for a continuous tube attachment would
be even more, since conduction to the cooling node from the tank area outside the
start basket was not pertinent to the transient response analysis and therefore not
included. Such conduction would, however, add to the total heat absorbed by the
cooling fluid.

The actual heat transfer will depend on the temperature range in the cooling tube and
internal heat transfer coefficients. Attachment of the cooling tube at discrete points
rather than continuously to control the total cooling load is analyzed below.
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A heat balance was made on the cooling fluid to determine the applicable temperature
range.

Letting the GHy flow = 9 1b/hr, then for the maximum heat transfer removal of 1440
Btu/hr (1200 + 20%) the change in cooling fluid enthalpy is 160 Btu/Ib. This corres-
ponds to a temperature rise of 62°F from an assumed inlet temperature to the oxygen
exchanger of 50°R., Since the nominal oxygen tank temperature is 172°F (sat. tempera-
ture at 25 psia) the exchanger effectiveness [(TCD—TCi)/(TH—TCi)] need only be
62/122 = 0.51. Thus the basic exchanger design is to control the amount of heat
transfer rather than maximize it.

Calculations were made to define an actual exchanger configuration. The basic attach-~
ment is assumed to correspond to that shown in Figure 5-36 . Applicable equations
taken from Reference 3-5 are presented below.

. K, (€T )

Q= (C-Ty 2m ky 0w €rg I—(—_(_€r—) (3=23)
(o) S

Q =2L (T, = T,) \/ktw 6 by +hy A (3-24)

where

Qn = heat transfer rate to the attachment point from the tank fluid taking
account of conduction in the tank wall.
he. T +h, T

¢ - 1 7g; Tt e

4
by, *+ by,

¢ = ‘/(hfl + b)) ky Oy,
This was determined to be a valid assumption for the tank temperature
far from the support since the resistance to heat flow is high (low hy)
through the superinsulation as compared to that between the tank wall
and the fluid.

Qi = heat transfer rate from the attachment to the cooling fluid.

I. = tube circumference.

A: = tube area in intimate contact with the tube support.

o
B
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cooling vapor temperature.

cooling tube internal heat transfer coefficient,

i

hfi

Otherwise the terms are defined the same as for Equation 3-22 with the subscript t
here referring to the cooling tube.

Assuming that Q; = Qn and solving for T, in Equation 3-24 results in

Q

=T + n (3-25)

n v
2L Vk‘t

Substituting into Equation 3=23 and solving for Qn,

c-T
. v
Q, = (3-26)
K (€1 L

+
2m by € To Ky (€ryg)
Ky Sw € 1 Ky (erg ZL\/ktW 6twhfi +hfi Ay

Assuming a 1/2 inch aluminum cooling tube, and

8. = .032 in.
L = 1.57in.
ktw = 55 Btu/hr-ft-°F @ 120°R avg.temp.

Ty = 172°R = tank fluid bulk temperature.

rg = 0.51n.

by = +125in.

(Tv)avg = 50 + 62/2 = 81°R

hfl = 7,25 Btu/hr-ft2-°F from Figure 3-16 @ ATan =20°F condensing heat transfer
he = 0, which assumes a superinsulated tank wall with low heat transfer

coefficient with respect to that internal to the tank.

The tube internal heat transfer coefficient is calculated using Reynolds Analogy
(Reference 3-9) where
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_fm
P2 A

f
he, m"é p Vo C

. Cp (3-27)

f

For a flow rate of 9 Ib/hr, Cpg = 2.5 Btu/1b~°F, and f = ,015 for turbulent flow in
smooth tubes; hfi = 31 Btu/hr-f{t2-°F,

Substituting values into Equation 3-26 results in a heating or cooling of 53.5 Btu/hr
per attachment.

From Equation 3-25 the support temperature, Ty, is 140.8°R. This results in an
average temperature difference between bulk and wall of (172-140.8)/2 = 15.6°F.

The above calculations must then be repeated with a new condensing heat transfer
coefficient based on an average AT of 15°F. From Figure 3-16 hy =7.75 Btu/lb--°F—ft2
and the new heating or cooling value is 53.8 Btu/hr with Tj; = 141°R. This shows that
the cooling per attachment is not sensitive to changes in heat transfer coefficients in
the range considered. Assuming a minimum total L.Og tank cooling of 960 Btu/hr

then the number of attachments would be 17.85. For this case the use of 17 attach~
ments at the start basket as shown in Figure 5-36 would be satisfactory. An additional
coil is continuously attached to the tank in an area up from the start basket to provide
any additional tank cooling which might be necessary. The circulation of fluid through
this additional loop would be controlled by a pressure switch sensing oxygen tank
pressure. The flow configuration and attachment areas are shown in Figures 5-32
and 5-38, Flow would be continuous through the start basket and feedline cooling
coils, Mixing would be accomplished in the tank to minimize temperature gradients.

A further concern which was analyzed was the possibility of freezing of oxygen in the
tank., To check this possibility an analysis was made of the first attachment point
where the hydrogen is coldest and the cooling thus greatest. The hydrogen temperature
is assumed to be 50°R at this point and the tank fluid in contact with the wall is taken

to be liquid. This condition will result in the lowest temperature at the wall support
(Tn). Analytical results are presented below.

Assuming (A Tp-Navg to be. 30°F then from Figure 3-14,Hf1 = 1. 335 Btu/hr-ft2-°F.
Then from Equations 3-26 Qp = 63.4 Btu/hr and from Equation 3-25 Ty = 121°R which
is significantly above the freezing point of oxygen of approximately 100°R. Therefore,
freezing for the present system configuration should not be a problem.

Compressible flow pressure drop calculations were made for the 1/2 inch tubing
assuming a total length of 1200 inches including both tank coils and feedline cooling
coils. The ratio of outlet to inlet pressure (P2/P1) was found to be 0.885 or AP =
1.7 psi which is reasonable

The above thermal analysis assumes that the heat transfer resistance through the
external insulation is large compared to that internal to the tank. Therefore, wall
temperatures are low and vaporization not a problem as long as sufficient overall
heat is being removed from the start basket area by the cooling tubes. Consideration
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of the overall heat leak on a uniform basis shows a fairly high wall heat flux. Ag an
example the total heating is 2500 Btu/hr (Reference 3-6, page 80) for the net of
1200 Btu/hr listed in Table 3-1,

This results in an average Q/A of 2500/591 = 4,23 Btu/hr-ft? and assuming an outer
surface temperature of 450°R and a LOy temperature of 170°R an equivalent heat
transfer coefficient for the entire surface is calculated to be 0,0151 Btu/hr=ft2-°F,
This can result in a fairly high equilibrium wall temperature. Therefore, cooling
system design is critical in preventing wall temperatures above saturation in the start
basket area. Analysis for this high external heating case is presented below. For this
condition proper temperature control must be obtained by locating the cooling attach-
ments on the tank wall within the basket area.

The maximum allowable heat removal from the tank by this exchanger is assumed to be

960 Btu/hr. From Figure 3-25, the basket area exposed to the tank fluid has an area

of 66.2 ft2, Assuming a worst case heat transfer of condensing gas on the basket

surface then from Q = hf A AT and Figure 3-16 the maximum subcooling (AT) of the

basket fluid is found to be 0.934°F. Since the placement of tube attachments are at the
tank wall within the circumference of the basket only heat from within the basket and
that intercepted at the wall is transferred to the cooling fluid. The tank internal heat
transfer, as effecting attachment cooling, is then by LO_ natural convection at the
wall, Equations 3-25 and 3-26 are still applicable, and now he =.0151 Btu/hr—ft2°F
and hfl is obtained from Figure 3-14. In order to determine the allowable cooling tube

. placements, values of heat transfer as

-~ a function of cooling temperature are

= determined from Equation 3-26 and

5 - plotted in Figure 3-27,
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A required spacing necessary to prevent
the tank wall temperature from rising
above the tank saturation temperature at
any point is determined from the follow-
ing equation.
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T = - — (3-28)
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ww s 1 8

where én is taken from Figure 3-27.

The value, £, represents the equilibrium wall temperature at r =« and is very im-
portant in determining the area which a single cooling attachment can maintain below
saturation. From the definition of { it is seen that the lower the external heat trans-
fer coefficient hy and the higher the internal value hf the closer this equilibrium wall
temperature will ]be to the basket fluid temperature. %Vith high enough values of h¢ in
relation to hfl the value of ¢ will be below the saturation temperature and the total I%eat

removed from the basket would be the sole criteria for attachment spacing.

" For the present conditions where hfl = .0151 Btu/hr-ft -°F and h fo is found from
Figure 3-14, ¢ was found to be 176.9°R. Equation 3-28 is then solved for temperature
distribution in the tank wall. An average temperature difference was used in deter-
mining hfz and an iterative solution accomplished between Figure 3-14 and Equation
3-28,

This data is presented in Figure 3-28.

From this figure it is seen that temperatures
below tank saturation are maintained out to ,

a radius of approximately 10 inches. This - boofen ‘ ,,JT\,-LO-R |
represents a satisfactorily cooled area of ol E - %
314 in2, From Figure 3-27 the average heat - ’/P
transfer per attachment is 49,75 Btu/hr : o N
(taken at 81°R cooling temperature). This i /ff e
results in an allowable number of attach- - , /

ments of, 960/49.75 19, The total area . : /
being maintained below saturation is thus 314 B B e & /* RN
(19) = 5,960 in2. From Figure 3-25, the tank <

wall area within the start basket is 7, 350 in? / =
and thus the above configuration would not
be satisfactory for assuring that no vapor -
formation occur within the basket. T

It is noted that for the actual vehicle system ; ‘ i
most of the 2500 Btu/hr heat transfer into wow R " " "
the oxygen tank is through the thrust struc-
ture support by conduction. The above
analysis should, therefore, be conserva-
tive since the thrust structure attachment Figure 3-28. LOg Tank Wall Tempera-
is located somewhat outside the basket ares.
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It would thus be reasonable to apply high performance insulation to the tank area with-

in the thrust structure in conjunction with the start basket,

Values of the equilibrium

wall temperature (T) are plotted in Figure 3-29 as a function of insulation effective-
ness. LHg, with heat transfer coefficients from Figure 3-14, is assumed to exist on

the fluid side of the wall,

Assuming 19 supports, the minimum
required area per support would be

2
121%5—0 = 386 in or an effective radius

of 11.1 in., Taking account of overlap

and tolerances an effective radius re-
quirement of 15 inches would seem rea-
sonable. An inspection of Figure 3-28
indicates that this could be accomp-
lished if the equilibrium wall temperature
(¢ ) were on the order of 173°R or

[(¢ - Ty)=1°F]. For this to occur,
from Figure 3-29, an effective external
heat transfer coefficient in the start
basket area would neet to be on the order
of 2 x 1075 Btu/hr—ft2—°F. This would
appear to be a reasonable value assum-
ing the use of superinsulation in this area,
As an example, the effective heat transfer
coefficient for the LO2 tanker vehicle

(see Section 3.2) is estimated to be 3,38
X 10 °.

BTU/MR=FT3=0

(Hexternal’ equiv.,

1 T

M T
Ty = 450°R

Ty = 172°R

10-2

—
=
t
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1

172 173

174 175 176 177

EQUILIBRIUM WALL TEMPERATURE, ‘R

Figure 3-29,

Equilibrium Wall Tem-
perature as a Function
of External Heat Trans-
fer.

3.1.9 L_O2 FEED DUCT COOLING — An estimate of required cooling tube spacing
for the LO_ feed duct was made in a similar manner to that as discussed in Section
3.1.7 for t%le hydrogen tank. Equation 3-16 is applicable. The basic duct conditions
are illustrated below. The duct material was assumed to be the same as for the

hydrogen case.

Then for K =5 Btu/hr-ft-°F and he
w 9 e

=,0151 Ftu/hr-ft -°F from Equation

3-16, ‘g T¢

T -
HTM

= cosh [(. 0424) (a, in.)]
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The solution is presented in Figure 3-30 as a function of tube spacing. For the pres-
ent conditions where T =450°R, T = 100 or the T__ =172°R the tube spacing would
neet to be on the order of 16 inches, For TC = 120°R the required spacing is

max

approximately 14 inches.

30

3.2 L02 TANKER THERMAL ANALYSIS

20 =

The basic configuration analyzed is presented
in Figure 3-31 along with pertinent data,

As discussed with respect to the SIVC a
thermal analysis the following possibilities 10
exist for the generation of vapor within
the collector channels.

a, INCHES

a) Heat transfer directly to the channels
and/or reservoir from the environ- 1
ment through conduction in the support g L
members.

(%7
B o A R S e
AT T

b) Heat transfer from superheated gas in 2 =
contact with the channel fluid. If the ;
heat transfer from such gas is greater . IS o R R
than the rate of dissipation to the cool- 1 s 1*1’» B
ing m.edium or subcooled liquid then 1.0 1.2 | ~ ’1.4
vapor can be formed. One advantage Figure 3=30, L02 Tank Feed Duct
of the collector channels over the SIVC Cooling Tube Spacing,
start basket system is that some part of the channels are always in contact with
liquid and thus the screen tends to remain wetted at all times. Any evaporation
occurring at the screen surface should thus be immediately replaced with liquid,
thus preventing vapor formation within the channels. Also, this wicking action
tends to minimize stratification in a similar manner as a heat pipe.

c¢) Bulk boiling due to a drop in tank pressure caused by gas venting or heat removal
not at the screen surface. In the SIVC oxygen tank analysis presented in Section
3.1.8 it was shown that such pressure decay is generally slow enough such that
a cooling system employed to prevent excessive external heating will also be able
to prevent evaporation during the pressure decay transient,

From the above discussion it is seen that heat leak into the channels or reservoir
from supports and areas not completely covered with screen is the most critical,

The main problem is in uniformly distributing the relatively low vent cooling capacity
to the many potential channel hot spots,

The basic system proposed utilizes a thermodynamic vent system designed to operate
with liquid at the inlet to the heat exchanger. The liquid collectors will be tapped to
provide this liquid. The oxygen ventage will chill critical areas of the collection,
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Figure 3-31. LO:2 Tanker Configuration

reservoir and feed line to intercept heat leaks and assure a vapor free condition at
the tank outlet and within the liquid reservoir. The cooling fluid will then be vented
to a bulk heat exchanger and mixer within the tank to assure that essentially all the
available energy is extracted from the vent for tank pressure control. This system
could also employ a separate bulk exchanger for on-off pressure control in order to
allow a constant vent cooling system. The basic considerations between the two
systems is essentially the same as discussed for the SIVC vehicle in Section 3.1

The cooling fluid is initially throttled to a lower temperature and pressure. The re-
sulting loss is the AT available for heat transfer. In order to minimize the flow distri-
bution problem it is assumed that each cooling circuit has a separate throttling device
and liquid is taken directly from each channel or reservoir to be cooled. The total avail-
able flow rate is determined by requiring that the tank pressure remain constant.

If all of the heat added to the venting fluid comes either directly or indirectly from

the tank liquid then Equation 3-1 can be used to relate the flow rate to the exit en-

thalpy for constant pressure venting.

Either liquid or vapor can be introduced into the vent system, but after consulting

a T-5 diagram for oxygen one sees that the heat capacity of vented vapor is in-
sufficient to remove a significant fraction of the incident heat rate. Liquid, there-
fore, is drawn from the tank and circulated through the heat exchanger tubing where
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it rises in enthalpy toh . Values of I;lv computed from Equation 3-1 are pre-
sented in Figure 3«32,

Expanding the vent liquid to low pressures provides a small AP for flow through the
tubes, the results in a large AT (in the boiling region) for heat transfer from the
saturated tank fluid. By expanding to pressures only slightly less than tank pres~
sure the AP for flow in the tubes is increased and the AT for heat transfer is re-
duced. The Ah available for energy absorption is only slightly decreased however,
because the sensible heat of the vapor at these temperatures is only a small fraction
of the heat of vaporization. Also the enthalpy of saturated vapor is insensitive to
pressure in the range considered.

A balance in energy exchange rates is sought wiereby the expanded vent fluid absorbs
enough energy to prevent vaporization in the collector channels and can be exhausted
from the 02 tanker at the flow rate and exit enthalpy which results in constant tank
pressure.

A mixer is required within the tank to assure a homogeneous thermodynamic con-
dition within the tank,

Any heat incident on the tank skin must be removed if a possibility exists that it will
enter the collector channel. After the initial chilldown period all of the collected
liguid will have reached steady state at temperatures at or below saturation. A
cooled channel thus becomes a heat sink and the heat exchanger must remove heat
incident on the tank skin and heat transferred to the collector channel by the pro-
pellant,

Two basic cooling methods are analyzed below. In both cases individual cooling tubes

and throttling devices are used for each collector channel and also for the reservoir
basket., The two configurations analyzed are shown in Figure 3=33 and Figure 3~34.

TANKER WALL
HPI

\[

COOLANT FLOW
CHANNEL

LIQUID COLLECTOR
CHANNEL

Figure 3-33. LOX Tanker Cooling With Cooling Channels
Inside the Collector Channels
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in both cases the reservoir is cooled at the external tank surface as described in
Section 3.1.8 for the 5-IVC oxygen tank.

The first system considered utilizes a small channel or tube running inside of each
collector channel, which slightly subcools the liguid within the collector channels.

Based on the thin profile geometry as presented in Figure 3-31, heat transfer between
the screen surface and the cooling tube is by conduction. The worst case for main-
taining a subcooled condition is when condensing heat transfer can occur at the screen
surface. The surface is thus raised to essentially the tank saturation temperature
and any small amount of additional heating such as at a support would cause vapor to
form.

For the case where cooling flow was within the collector channels a thermal analysis
was performed using the Convair thermal analyzer program (Reference 3«=8), Boiling
heat transfer was assumed to occur internal to the cooling tube, From Reference 3=10,
for oxygen at 1 atmosphere
_Btu 2,5
Q/A, hrof2 = 20.3 [T, - T )] (3.29)
w

For heat transfer from the tank fluid to the start basket, condensation and forced
convection LO_ heat transfer were assumed. The initial configuration analyzed is
shown below.

HPI TANK WALL
A Jé'__

0,25" 4
Lar o™

L ol o

| I 1 |

7” 7”
TANK FLUID

Heat transfer from the collection channel surface to the cooling channel and from the
wall to the collection channel is by conduction through the LO_. For a coolant tem-
perature of 155°R and a bhulk tank fluid temperature of 163°R t%le heat transfer to the
coolant was 12,48 Btu/hr per foot of length and for 288 foot of channel the total heat-
ing was 3,600 Btu/hr. This is much too high and therefore a configuration with the
cooling tube located within the channel, as shown below, was considered in an attempt
to reduce the total required cooling load.

I LI AL AL
HPT — :/_TANK WALL (¢ = AL ALY)
'2511 =
57 . COOLING CHANNE L
1@4”
1 4" | < 1 COLLECTION CHANNET
L,.‘! 14:" "-!
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The cross-~sectional area of the tube was assumed to be negligible with respect to
that of the collection channel,

Cases were run with cooling femperatures of 155 and 160°R resulting in cooling loads
of 7.06 and 1,79 Btu/Hr-ft respectively. These correspond to total loads of 2,030
Btu/hr and 515 Btu/hr, both of which are still too high, 188 Btu/hr is the desired
maximum over the total length. In all cases the main resistance to heat transfer was
found to be between the collector surface and the internal tubing, therefore, further
analysis was performed assuming a collection channel surface temperature of 163°R
and pure conduction between this surface and the cooling tube.

Looking first at a 1/2 inch tube and taking into account the actual diameter of the
tube in calculating the tube distance from the collector channel wall, cooling for a
160°R cooling temperature was found to be 2,36 Btu/hr-ft (680 Btu/hr).

The following iterations were then accomplished in an attempt to reduce the cooling
load to acceptable levels.

a) Reduced cooling tube size to 1/4' resulting in QT = 1,18 Btu/hr-ft (340 Btu/hr).
b) Moved 1/4" tube to channel center with QT =,95 Btu/hr-ft (274 Btu/hr) resulting.
¢) Reduced cooling tube to 1/8" dia. resulting in QT = ,678 Btu/hr-ft (195 Btu/hr).

The above analysis indicates the problem with a cooling tube inside the channels;
since even with the 1/8" diameter tube located in the channel center with low con-
ductive supports, the total heating load could be greater than the maximum desired
value of 188 Btu/hr. It is also noted that additional heat capacity within the 188 Btu/
hr must be allowed for cooling of the reservoir and feed line.

A further reduction in maximum cooling load could be accomplished by increasing
the cooling temperature. However there are certain tolerances on the exit pressure
control and in order to be assured of some throttling a maximum pressure differen-
tial between tank and cooling of approximately 2 psi is considered reasonable, This
corresponds to a cooling temperature of 160°R, for a tank condition of 15 psia (163°R)
which has been used in the above analyses.

A further possibility for balancing the cooling with external heating is to provide a
number of short lengths of cooling tube only in the areas of the supports where cool-
ing is most critical. In order to do this effectively a large number of throttling
devices would be required. This would tend to reduce the overall system reliability
since such throttling devices are subject to plugging due to contamination, This is
especially true for the small passage sizes which would be required in the present
case. Also, the number of throttling locations is limited by the minimum flow which
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can be handled by each device, since the total vent flow is essentially constant for a
given total tank heating. Use of a viscojet throttling restriction, as described in
Reference 3-11, is considered most applicable for the present system. Calculations
were made on the basis of a total vent of 2 Ib/hr, a 3 psi pressure drop and the mini-
mum size device available. From this a maximum of 30 cooling points were deter-
mined to be feasible, Since there are a total of 50 supports and because of the
reliability problem the internal cooling configuration does not look promising.

A more promising solution to the LO_ tanker cooling problem appears to be location
of the cooling tubes external to the tank wall with direct attachment only at critical

collector and reservoir support points. Analyses were made of such a system using
the basic Equations of Section 3.1.8. A typical attachment is shown in Figure 3-34.
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Figure 3-34 LO2 Tanker External Cooling Tube Attachment.
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The foll owing data apply to the configuration analyzed.

k = 55 Btu/hr-ft°F
W
) = 0.1 in.
W
T = 396°R
a
T = 159°R (P =12 psia)
c e
T = 163°R
B
o) = ,024 in,
to
K = 55 Btu/hr-ft°F
tw
Dt = ,125 in,
2
hf = 57.5 Btu/hr-ft °F (LO_ Boiling at T =2°R from Eq. 3-29)
-4
h = 3,38 X 10 ~ Btu/hr-ft °F
e g
AS = (.125)/ =.392 in.
= (,125) = .392 in.

D = 1/8"

¢ /
T = 0,5"

1 = 3,1/Btu/hr-°F
2L /K + A
\/t O b, T b A
wow i
K .347 K
5 (€T) ) TK (er)
2
7TKW sw ers K1 (ers) ers Kl (ers)

It is assumed that mixing is accomplished in the tank in order to minimize tempera-
ature stratification. This mixing is especially important for the present system
since direct coolinig of the channel fluid is not accomplished and superheated vapor,
if present, might cause vaporization in areas not completely covered with screen,
Screened areas are assumed to remain wet at all times due to wicking.

Assuming a maximum internal heat transfer coefficient of 10 Btu/hr-«ftz"F,
{=163°R; € =4,66/ft and from Equations 3-25 and 3-26 Qn =1.067 Btu/hr per
attachment and Tn =162, 3°R.
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For the 80 attachments, Q = 85.4 Btu/hr which leaves approximately 103 Btu/hr

for reservoir and feed line cooling., Referring to Figure 3-16 and 3-17 it is seen that
a heat transfer coefficient of 10 corresponds to condensing heat transfer at AT =5.6°R
and a LH_ forced convection flow of .13 ft/sec. For other fluid conditions the coeffic-
ient will %e somewhat less. The minimum case would be for LO_ forced flow, and

per Figure 3-17 a reasonable value would be on the order of 0.1 Btu/hr—ft2°F. For
For this condition P = 164°R, € = .466/ft, er =,01945 and from Equations 3-25

and 3-26 Qn = 1,11 Btu/hr per attachment and Tn =162,4°R.

For the 80 attachments, Q = 88.8 Btu/hr which leaves approximately 99,2 Btu/hr
for cooling the other areas. This shows that the above system is good over the full
range of heat transfer to be expected and that the cooling load is rather insensitive

to internal heat transfer over this range. This is primarily due to the very low heat
leak through the external tank insulation. It is noted that it is important in a final
design that insulation penetrations do not occur at the collection channel support points.
The above analysis is applied to the short load supports shown in Figure 5-58, The
drag struts are long and have sufficient thermal resistance that by proper tank mixing
the temperature at the end on the channel will not be above saturation,

In order to verify the use of 1/8" tubing, pressure drop calculations were made in
the same manner as described for two-phase hydrogen in Section 3.1,4. Assuming
a total flow of 216/hr split into 10 equal flow passages, an exit flow pressure of 12
psia, and a length per flow passage of 30 feet, the total pressure drop was calcu-
lated to be only 0, 08 psi.
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EXPERIMENTAL PROGRAM

During the second phase, experiments were run to determine wicking rates in screens,
vapor ingestion and draining of capillary devices and pullthrough suppression using
screen baffles, The experimental program consisting of scale model non-cryogenic
bench tests was successful in providing correlations and verification of computer
models and design techniques,

Wicking tests were conducted using horizontal screens with pentane and silicone oil

as the working fluid, Results are presented in the form of semiempirical correla-
tions since tests did not agree with any of the three wicking models proposed. Spilling,
vapor ingestion and draining tests were conducted using water and pentane using a
scale model S-IVC transparent tank and capillary device. Results for capillary device
spilling and vapor ingestion were successfully correlated with the INGASP computer
model while results of draining tests with a capillary device were correlated with the
DREGS2 model., Pullthrough suppression tests, run in a cylindrical plexiglass con-
fainer indicated the usefulness of screens in reducing vapor pullthrough,

Testing conducted under a Convair IRAD program yielded screen flow data for dutch
twill and square weave screens, Screen meshes used were 20 X 20, 200 x 1400,

165 X 1400, 200 X 600, 165 X 800, 150 X 700, 180 x 700, 50 x 250, 30 X 250 and

20 X 250, Test fluids were water, liquid hydrogen, liquid nitrogen, gaseous nitrogen,
gaseous hydrogen and gaseous helium, Results are presented in the form of semi-
empirical equations in Reference 4-1, Section 2. 2 and Reference 4-2, since the capil-
lary and packed sphere models proposed could not be accurately correlated with the
test data,

The objective of Phase II testing was to verify analytical models — DREGS2 and
INGASP, substantiate design principles — screen pullthrough suppression and empiri-
cally evaluate problems which could not be evaluated analytically — screen flow and
wicking, Test data correlations have been incorporated into Reference 4-1 in a form
useful to the capillary device designer.

4.1 SCALE MODEL OUTFLOW TESTS

4,1,1 INTRODUCTION, Minimization of residuals and control of vapor ingestion and
spilling are important considerations in design of a capillary device. The analytical
models formulated into the INGASP and DREGSZ computer programs were developed

to handle these problems, To assure the accurate predictive capability of the com-
puter models a transparent scale model S-IVC tank and capillary device were designed,

A1
b S




7/16 Tapped ~__— |

Mounting Holes

(6)

3/16 Tapped Heles
3/4 Depth From
Ingide (6)

L 1-11/16 Typ.
1/4" Rubber 'O"

Ring
3/8 Tapped Hole
3/4 — @)
7/16 — 1-1/4 Depth
—l L Metal Ingerts

3/16 Tapped _*\'—"7‘ L }b3/8 ois
Holes (2)-1" AN
Spa. Straddle L
Center Line. _ 1. _
3/4 Depth / i
3/4 P.T. Hole _ L 6-1/2
Thru (2)
3/16 Tapped /
Holes Ref. 6-1/2 23-11/16

Mounting Holes
@.F.S. Ref.

1-3/16 Hole Thru -

No Thd's AN | ' Mounting Holes
- ' ers
- \ - / .S. Ref
F N\ /
\ /
AN s
N
N o/
N s
6-1/8 b~ “;:/// 1"P.T.
4, i-1/2 0=

% BOND PLANES ,

Figure 4-1, Scale Model Centaur Tank — Existing Housing

i
i
[\]



3/8 Dia Plexiglaas Spacevs -

Y
Rubber ""O" Ring T . \

J;J 4 Reg'd . Bond to Baffle and
i - - ' to Wall.
| g R A i
K j"f r 4.0 Diax 1/4
I L—" Flat Baffle Plate
Existing End ' \3 Y (Plexiglass)
Plates and Rods | -
l / .20 Gap
' , . |
v Between Wall N
‘| / andl Baffle \ D Exxst}ng
= \ | ! Housing
Lo '
!
P! t
R ‘
] ! ' ‘
I i Section of
‘ ' Existing Housing
] t ‘ : Removed
(] { X \
Bond New ' l Capillary ' l
Housing Toa§\l\ l RESERVOI ! ! Outlet Sealed
Existing Unit ', | ! to Housing
' /j,_ With "O" Ring
|
New Housing————""4_ /‘ N ’
. 1
1 - r'd ]
! - See Dt'l "A"
Lo
\

= - 4
g View BB
t _—
— I o~
< ' X
4 { ’ \\\\ New
// N End
' N Cap
/ \\ r\%\ 14.
r‘: — 4 - — ) i li —— i
B \ Capillary / !-\// B
RESERIOIF TN/ N
P / ’ Supports Per
_ N Detail "A" -
- X 4 Places

Figure 4-2. Annulus Type Capillary Reservoir Model - General Assembly

A
b




fabricated and tested to obtain data which was successfully correlated with the
analyses,

4,1,2 SUMMARY, The test article was designed to provide visual data on liquid
levels, vapor and liquid flow and to assure that correlations obtained would be applic-
able to the S-IVC 1LH, full scale tank and capillary device. Screens, fluids and capil-
lary device geometry were scaled from the LH, case, while the test tank was a Cen-
taur scale model tank modified with a pressurant baffle, capillary device supports
and scale model S-IVC aft bulkhead and engine feedline, Tests conducted with pentane
and water were visually recorded for a range of outflow rates using a high-speed
motion picture camera. For each of the tests the film was observed on a Vanguard
motion analyzer and data was compared to computer runs which modelled the tests,
The agreement between the test data and analytical predictions corroborated the use
of the DREGS2 model for predicting residuals and the INGASP model for predicting
spilling and vapor ingestion in tanks containing capillary devices,

4,1,3 EXPERIMENT DESIGN

4,.1,3.1 Test Article Design, The test article was designed to simulate the geometry
of an S-IVC tank and capillary device, A scale model Centaur tank, shown in Figure
4-1, was modified as shown in Figure 4-2, The dimensions of the capillary device
and aft bulkhead were scaled linearly in ratio to the tank radius, 13?,” The capillary
device assembly and construction details are shown in Figures 4-3 through 4-8, The
capillary device was a 120" annulus section with a triangular cross section, consisting
of clear plexiglass sheets with cutouts in the ends and the inboard side which are
equipped with capillary screens, The outlet tube is engaged with an "O" ring seal in
the test housing and the reservoir was attached to the housing using four angle clips
and screws,

Fluid Section

Pentane was selected as the working fluid by comparing pressure drop with nine differ-
ent dutch twill screen meshes and all feasible working fluids, with the pressure drop
of LHy using 200 X 1400 screen, The mesh used in the model was 200 X 600 screen.
(Pentane is an excellent wetting fluid and was also selected for the wicking tests due

to its fluid and thermal properties, ) Also taken into account was the surface tension
retention capability of the screen mesh,

Apparatus Design

The test article plumbing design is as shown in Figure 4-9 with a regulator controlling
tank pressure within .1 psi during outflow, The actual test configuration is shown
photographically in Figure 4-10,
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4,1.4 TEST PROCEDURES, After calibrating the test tank and capillary device by
adding measured amounts of water and measuring the height vs, volume, the test
tank was hydrostatically tested with water above 75 psig,

All outflow testing was initially run with water and then repeated with pentane, This
was done mainly to check out the apparatus and test procedures prior to running with
pentane, The runs for both fluids were recorded on film and correlated with INGASP
and DREGS2, Runs were repeated for all capillary device tests with the camera
viewing the side and front of the tank, Outflow tests without the capillary device
installed were run in order to obtain pullthrough correlations for use in the computer
models,

For the residual tests the S-IVC scale model tank was filled to approximately the
middle of the tank through the capillary device, The filling process was carried out
by flowing incrementally, allowing the liquid level inside and outside the devices to
equalize before adding additional fluid, When the level went above the capillary
device the filling rate was increased and carried out in a continuous manner, This
procedure prevented vapor from being trapped in the capillary device during filling,
When the tank was filled to the required level, the test tank vent valve was closed,
the fill line valves were closed, and the catch tank vent valve was opened, The
pressure regulator and flow throttle valve were set to desired levels and the motion
picture camera and timer were prepared for start-up, The head of ligquid was small
compared to the relatively uniform gauge pressures used for each run; thus, the
flow rate was constant once the initial start transient period was past, Flow rates
were measured visually using the volume calibration, The initial start transient
was measured at each gauge pressure setting used in order to determine the flow
rate transient during the spilling and vapor ingestion tests, For the residual tests
the tank was drained until vapor pullthrough occurred,

For the spilling tests the tank was filled above the capillary device and then the tank
fluid was drained from a drain line in the bottom of the tank, leaving the tank empty
and the capillary device full, Because of the smaller volume flowing during these
tests, the camera speed was increased substantially over the residual tests. The
outflow procedure was then similar to the residual tests,

4,1.5 TEST EVALUATION

Pullthrough Correlations

Outflow tests for the 8-IVC model with no capillary device were evaluated, The
objective of the tests, run with water and pentane, were to evaluate vapor pullthrough
during the draining under realistic outflow conditions,
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One equation for predicting pullthrough is

QZ

5
gh o

= 6' 5 /‘4=1\

where Q is the outflow rate, h, is the height of the interface at the tank wall when
vapor enters the tank outlet, and g is the gravity, This equation applies when he>>r,
where r is the outlet radius.

The other equation for determining h,, when r > h, is

QZ

;2_;5—53_ = 11,8 (4-2)

Neither of these equations is valid when hy ~ r, as anticipated in many vehicle drain-
ing applications. For example, for the S-IVC mission LHo draining, equation 4-1
predicts he/r = 2,3 while equation 4-2 predicts he/r = 2,9, Since h, > r usually
implies h, > 10r, neither equation applies to this case, More significant differences
in he can be obtained than indicated by this example, as illustrated by the graphical
representation of the two equations in Figure 4-11, Data points obtained for the S-IVC
scale model tests indicate that the case of h, ~ r falls between the two equations, The
trend of the data, at high h, is to approach equation 4-1 while at low h¢ the data should
approach equation 4-2, This is, in fact, the case, indicating the data can be used to
predict pullthrough when h, ~ r, in the low surface force regime,

Empirical correlations were developed from S-IVC data for surface height at pull-
through and interface shape at pullthrough, Data from Figure 4-11 yielded a correla-
tion for pullthrough height for both water and pentane data, This equation is
Qz/ghcozr0 B) = C, where Q is the volume flow rate, g the gravity level, h; is the
height of the surface at the tank wall at inception of pullthrough, and r, is the outlet
radius. @, 8 and C are empirical factors defined by, @ = 3 + (ho/r)1/10, ¢ < 5,
B=2 = (hc/ro)l/lo, B=0, and C=11.8 - 2.65 (hc/r)l/lo. This correlation is
designed for he ~ r and to also agree with equation 4-1 for he >> v and equation 4-2
for h, « r, Interestingly, there is divergence between water and pentane data which
is proportional to the fluid density, Since this is not predicted by theory, the equa-
tion shown here represents a fit of both sets of data without including the density cor-
rection, This equation was then used to correlate spilling and residual tests.

Interface shape was plotted for each of the S-IVC outflow test runs in the form of
y/he v8, 1/ro Where hg and rg are as previously defined and y and r are the coordin-
ates of the interface, An empirical equation which provided a good fit of the data is
given by: y/he = (v/ro) 137 = 0,56 for both water and pentane tests, This informa-
tion is useful in retarding pullthrough with screens and baffles,
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Spilling and Vapor Ingestion Tests

Some difficulties were initially encountered in evaluating these tests because the
bubble point of the side screen exceeded that of the top screen, This was not expected
because Western Filter, the capillary device fabricator, had been instructed to make
the top standpipe screen have a lower bubble point than the side screen, This would
have caused vapor to initially break through the top screen rather than the side screen
as evidenced in the water checkout tests, The screens were replaced prior to pen~
tane testing which apparently alleviated this bubble point problem as evidenced by

the visual data from the pentane tests, This replacement of screens was made after
the silicone adhesive used for the water tests was attacked by the pentane test fluid
during initial spilling runs, A more compatible adhesive was used with the new

200 X 600 screens for the remainder of the pentane tests, Realizing the difference
between the relative bubble points of the top and side screen for the water and pentane
tests run, allowed the test results to be more clearly understood, Using flow rates
from the initial start transients of the residual tests, empirical pullthrough correla-
tions previously cited, and test model geometry and fluid properties, the computer
model was run and correlated with the test data, The computer model predicted the
time from start of outflow to vapor pullthrough within 10% of test results for the

three pentane test runs, These runs are correlated in Figure4-12, Flow rate pro-
files are shown in Figure4-13. The low rate runs were modelled as initially having
spilling from the capillary device with vapor ingestion occurring when the liquid

level dropped below the side screen, Increased top screen pressure drop in the
highest flow case prevented the initial spilling, This was substantially corroborated
with visual observation,

The preliminary checkout runs with water were adversely affected by the bubble
point problem, Vapor entered the capillary device at the point of highest bubble

point which was apparently directly opposite the outlet. This allowed vapor to
directly enter the tank outlet causing liquid to be drained slowly from the start basket,

Residual Tests

The DREG2 program was used to correlate the scale model S-IVC residual tests,
Results of both water and pentane tests were compared with the program predictions
on the basis of the time between the liquid level inside and outside the tank being at
the top of the capillary device and the occurrence of vapor pullthrough at the outlet,
The agreement was within 10% for the pentane test runs. Agreement was slightly
worse for the water tests, This correlation is shown graphically in Figure4-14, The
differences between the test data and model were believed to be due to visual inaccur-
acies in reading the test films rather than any problem with the computer model.
With the water tests the additional bubble point problem, mentioned in the previous
paragraphs, accounts for the increased divergence between test and theory, On the
basis of this test data correlation, the DREGS2 program was used to analyze 5-1VC
LOy and LH, capillary device draining presented in Section 27 2'{
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Pullthrough Suppression Tests

A simple series of tests were designed to assess the feasibility of using screens to
suppress pullthrough in a draining tank, The tests were performed using water and
freon and dutch twill and square weave screens in a cylindrical tank with a centered
outlet, Tests illustrated that screens can reduce pullthrough height by greater than
60%.

Theory

The surface tension retention pressure of a screen may be used to resist vapor pull-
through as explained in Section 2, 2, This retentive capability coupled with the
straightening of the flow due to the presence of the screen should reduce pullthrough
height substantially,

4,1,6 EXPERIMENT DESIGN, Tests were designed to examine several combinations
of fluids and screens for evaluating pullthrough suppression, The plexiglass test tank
shown in Figure 4-15 was designed so that screens could be stretched across the

PLEXIGLASS _ .
TANK TIMER
VENT S S &

\ CAMERA

SCREEN

REGULATING VALVE
___—FLOW
____— PINCH SHUTOFF VALVE

<+—— COLLECTOR TANK

Figure 4-15, Cylindrical Outflow Test Schematic

bottom of the tank and scaled with gaskets, The gasket thickness was adjusted to vary
the height of the screen above the outlet, Flow rates were varied from run to run by
adjusting a valve at the collector tank, shown schematically in Figure 4~15, Flow
rates and heights at pullthrough were measured from high speed motion pictures of
the tests.
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4,1,7 TEST PROCEDURE, The test tank was filled from the top using a stainless
steel bucket containing distilled water or Freon TF, The vent was used to remove
vapor which was trapped underneath the screen, however, some vapor remained at
the start of a run, This vapor did not affect test results since it was expelled through
the outlet well before the free surface approached the screen, The liquid in the tank
was allowed to set until the rotational vortex inducted by filling the tank had subsided,
The regulating valve was then set and the shutoff valve opened with the motion picture
camera and timer turned on, The camera was shut off after vapor entered the outlet
from the free surface,

Runs were made initially with 400 X 400 mesh screen to check out the apparatus,
Runs were then made with water with no screen, 165 X 1400 screen, and 200 X 1400
screen, Subsequent freon runs were also made with no screen, 165 X 1400 screen
and 200 X 1400 screen, The 200 X 1400 screen height was then adjusted to lower
positions including the lowest point, with no gasket, and runs were made with water
and Freon.

Test Evaluation

Cylindrical outflow tests were evaluated, with and without screens for both water and
Freon. Pullthrough was experienced at h, as high as .60 inches with both water and
Freon TF, Several screens, including 165 X 1400 and 200 X 1400 were placed at
heights varying from , 23 to . 30 inches above the outlet, At flowrates similar to
those run without a screen, no pullthrough was visually observable above the screen
with either screen in place using either fluid, This is consistent with calculations
made using screen pressure drop correlations and interface shape during draining
based on equation 4-2,

4,1,8 CONCLUSIONS AND RECOMMENDATIONS, It appears that the analysis sug-
gested in Section 2, 2 can be used to size screen baffles for resisting pullthrough.
since screens serve as flow baffles in retarding vapor motion in a manner similar to
an unperforated baffle, it is suggested that the additional attribute of reducing velocity
gradients in the flow will allow capillary barriers to reduce pullthrough more than
solid baffles, It is recommended that additional testing be accomplished to compare
the performance of baffles of screens in obtaining minimum pullthrough heights,

4,2 WICKING TESTS

4,2,1 INTRODUCTION, Fluid wicking along a screen is an important phenomenon in
maintaining liquid at a screen when the screen is subjected to heating and consequent
evaporation, Evaporation may eventually dry out the screen, causing a loss of reten-
tion capability and hydrodynamic failure of a capillary device, Wicking from a pool
of liquid outside the capillary device, as in a channel collector configuration, is use-
ful in replenishing liquid evaporated from the surface of the capillary device without
causing vapor to form within the capillary device,
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4,2.2 SUMMARY, Wicking tests to simulate zero gravity wicking were designed to
provide wicking rates for screens subjected to heating, The experimental method was
dependent upon a thermal analysis of the wicking apparatus to determine the portion of
heat applied from calibrated heaters which went into evaporating the test fluid. The
evaporation rate was used to compute wicking velocities which were compared with the
results of equations 2-1, 2-2, and 2-3 and the results of screen flow pressure drop
testing carried out in the transverse direction, Wicking data was also obtained by
visual inspection of the advancing liquid front in the screen as a function of time,

Wicking in horizontal dutch twill screens can be characterized by the equation

A pv L
w W 4C
A% =2y ~ D (4-3)
a ¢ BP
2
4(Da gco)

Yw = AyprL DBp

where A is a dimensionless constant determined by the test data. The value of A,
is dependent upon the wicking direction with respect to the orientation of the warp and
shute wires, Wicking was not evidenced in the square weave screens tested,

4.2,3 EXPERIMENTAL METHOD, The wicking models which appeared promising
were discussed in Section 2,4, The wicking apparatus is shown schematically in
Figures 4~16, 4-17, 4-18, and 4~19. A photograph of the apparatus is shown in
Figure 4-20,

The screen was kept in a horizontal position by means of the screws and clamps lo-
cated on top of the fluid reservoir. The horizontal attitude of the screen was verified
with a transit periodically during the running of each screen specimen,

Liquid was maintained at the top of the reservoir by a burette which dripped fluid into
the reservoir, The atmosphere within the test enclosure was maintained saturated
with pentane by wetting a blotter covering the bottom of the enclosure prior to testing
and by using nitrogen gas saturated with pentane in a bubble chamber to maintain a
slight positive pressure within the enclosure, This saturated nitrogen was allowed to
exit through a small hole in the top of the enclosure, The nitrogen atmosphere was
used to reduce any possible fire hazards presented by the evaporation of the pentane
test fluid,

For the wicking runs with the heater in operation, the liquid was allowed to wick up the
screen and under the plexiglass plate which minimized convection heat transfer to the
heaters, A guard heater was employed at a similar temperature to the main heater

to minimize side heat losses at the screen, The screen was soft soldered to the
copper heaters using a special fixture to minimize wicking of the solder along the
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screen, The nonporous base of the calorimeter was 2 carved sandwich of pelespan
foam which had thermocouple wires transmitted between the bond layers. The power
to each heater was delivered across a nichrome wire of calibrated fixed resistance,
The main heater voltage was monitored with separate potential leads to determine
power delivered to the apparatus,

With the liquid at the screen-heater interface the power to the heater was slowly in-
creased in steps allowing steady state conditions to occur between increments. When
the liquid receded slightly from the screen heater interface and then remained as a
stationary front, the evaporation rate was just balancing the wicking rate. This pro-
cedure was repeated to higher heater powers, however, heat losses became excessive
when the liquid vapor interface moved more than a few tenths of an inch away from the
heater,

Several runs were made by observing liquid flow, without heating, and recording dis-
tance travelled vs, time. These results werc plotted and then graphically differen-
tiated to obtain wicking velocity as a function of distance traveled from the reservoir,

The screen meshes used for testing with flow parallel to the warp wires were 400 x 400,
40 x 40, 200 x 600, 165 x 1400, 80 x 700, and 30 x 250. Pentane flow was perpendic~
ular to the warp wires using silicone oil and 30 x 250 screen. Visual tests were run
with the 30 x 250 screen samples because heater power was insufficient to evaporate
wicking flow for these runs.

4,2.4 EVALUATION OF DATA, For the tests using the heater to evaporate the
wicking fluid, wicking rates were determined in the following manner:

Q
W (Ah + he ) (o LA)

\Y (4-4)

where
A=gut Ah = enthalpy difference between test fluid at
w = the width of the screen ambient and screen=heater interface
temperatures, BTU/lb
t = the thickness P ? h m
5 = the norosit hy = heat of vaporization of test fluid at screen=
= the i .
p y heater interface temperature, BTU/lbm
L = 2 inches

$and t are given in Table 2-5, Ref, 4-1

QS’ the heat input to the screen must be determined by evaluating radiation, conduc-
tion and convection losses from the heater and screen,
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The temperature of the pentane nitrogen environment, T, is the lowest temperature
of the screen and is the temperature of the surrounding environment, Assuming that
the average temperature of the screen ig Th + Ly

2

4
. T -T 4 4 4
= A h i - T + A -
Qp =0 Ay <——————2 ‘> i o€ A Ty - 1)

is the radiant heat loss from the screen where s and h are subscripts denoting screen
and heat respectively, ‘

Conduction losses were considered between the heaters, through the phenolic strip,
between the heaters through the foam, between the heater and the bottom of the foam,
" between the heater and the top of the plexiglass, and through the instrumentation wires,

These conduction effects are summoned Q- = KA AT, Convection between the
screen and plexiglass is assumed to be negligible,

Qg = Q, -Qz-Q,

where Qh = the heat input to the heater = EI,

VW was then computed for each test point run,

4,2,5 INTERPRETATION OF RESULTS, Data was plotted in the form of velocity,
Vw, vs. distance for each screen as shown typical for a 30 X 250 screen in Figure
4-21. As can be seen, the analytical models and the screen flow test data vary widely
from the test results, The difference in analytical models and data is expected when
considering the similar deviation between the models and the screen flow data as ex-
plained in Reference 42, Section 2,1, Screen flow test data does not agree with wick-
ing data because the screen flow data is for flow normal to the screen, The flow
parallel to the screen is more restrictive than the flow normal to the screen, The
equation which best represents the viscous nature of the flow is equation 4-3. For
wicking parallel to the shute wires, values of Ay are presented below,

Screen Mesh A

Zwe
200 X 600 368
165 X 1400 580
80 x 700 6230
30 x 250 1120

429




For wicking parallel to the warp wires A was found to be 755 for the 30 X 250 screen
tested with Dow Corning 200 Silicone Oil, Tests indicated that, in the meshes com~
mercially available (including 400 X 400 mesh), square weave screens do not wick,

4,2,6 CONCLUSIONS, Wicking is a relatively low flow rate phenomena even in zero
gravity, however, for relatively low heat flux conditions wicking flow can effectively
be utilized to prevent screen drying and vapor formation, Replacement of evaporated
fluid can be calculated by inverting equation 4~4 to solve for QS.

] — f =a/Re +8, «a =2.49, B =.3
‘g =—=--——Armour and Cennon Dg, & = 8.61, B = .52
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DETATILED DESIGNS

5.1 S-IVC FUEL START SYSTEM DESIGN

1. Start Reservoir
2. Collector System

3. Outlet duct accessories.

The basic parameters, ground rules and overall arrangement for the reservoir are
shown in Figureb -1 . The heat exchanger systems for the above area (including
interconnections) are shown on the Figure 5-2 schematic. Figure5-~3 and5~3A
schematics are extensions of Figure5 -2 which shows the detail circuitry for the
reservoir heat exchanger elements using series and parallel arrangements.

The fuel start basket is a 200 ft3 annulus type reservoir which is profiled to fit with-
in the envelope generated by the SIVB fuel tank wall and intermediate bulkhead. The
complete assembly is a 120° annulus section and includes provisions for intercon-
necting with the 11-inch fuel tank outlet, an access opening at the outlet area, ex-
ternal capillary screens, heat exchanger coils attached to the exterior surfaces, and
a removable internal gas deflector screen.

The reservoir is supported from the SIVB fuel tank wall and is subject to an exter-
nal pressure on all surfaces; an external loading on the forward surface due to fluid
impingement; and forces due to acceleration and vibration. The flat surfaces and
the profiles which have large radii are sensitive to pressure gradients and there-
fore must incorporate a stiffener system. A series of perforated bulkheads (shear
panels) interconnected with skins and stiffeners was selected as the basic structural
arrangement. Other structural methods are discussed in the oxidizer tanker section.
The system is similar to the skin stringer frame designs used in aircraft. A basic
stress analysis was conducted for primary members, detailed design drawings cre-
ated, and a weight breakdown generated. A complete structural investigation is out-
side the scope of this effort, therefore assumptions were made which would simplify
the calculations and give results which are reasonably close to what may be expected
from a comprehensive effort.

The heat exchanger coils on the baskef surfaces are supplied with fuel from a collec-
tor system mounted on the inside wall of the fuel tank. A schematic for the overall
system is shown in Figure 5-2 . Additional drawings describing physical plumbing
interconnections and relative locations are included.
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The outlet duct accessories are those items associated with the heat exchangers,
gas/liquid interface screen, fittings for assembling the system and a relief circuit
for the downstream side of the screen (see Figure 5-1 for schematic). Detail draw-
ings were generated for two gas/liquid interface locations and the advantages and
disadvantages of each outlined. A detailed weight analysis for the accessories is
included.

5.1.1 RESERVOIR STRUCTURE — A typical cross section showing the primary struc-
tural components and heat exchanger tubes are outlined in Figure 5-4. TFigure 5-4A
shows the tube locations for the Figure 5-3A series circuit. The fuel tank outlet elbow
is included for identifying the interface problems. The reservoir is subject to exter- |
nal pressures, accelerations, and vibrations and therefore must reflect a framework
for resisting the loads separately or in combination. Basically the assembly consists
of six flat panel type bulkheads (shear panels) interconnected with stiffener rings and
skin sections. "Z'" shaped stiffeners are used on all faces. The forward wall of the
reservoir is flat and equipped with four 120° circumferential ring sections which are
welded or riveted to the panel. Additional radial type stiffeners (one per compartment)
are located on the opposite face of the panel for reducing the span of the rings (see Fig-
ure 5-1, The forward panel is therefore divided into ten rectangular areas per com-
partment (50 total). Heat exchanger tubes equipped with webs are located between each
"Z" ring which provides additional panel stiffness. The tubes are attached by seam
welding the flat strips to the mating surfaces. The design shown in Figure 5-4 assumes
that the tube and web are extruded as one unit. An alternate method uses standard
tubing which is dip brazed to the strips (see Figure 5~4A).

The compartment formed by the two shear panels at the outlet requires an access
opening to permit attaching the reservoir to the SIVB interface and for installing the
internal deflector screen. The access hole intersects two stiffeners which must be
discontinued at this area and a system of re-enforcement rings and doublers added
at the opening. The heat exchanger tubes are locally routed around this zone.

The outboard cylindrical section of the reservoir requires five rings (frame sections)
which are located on the inboard side of the skin to prevent interference with the fuel
tank wall. Heat exchanger tubes are located on the opposite face {(outboard side) and
positioned between the stiffeners. Similar to the access area, the frames are dis-
continued at the outlet opening and interconnected with the local re-enforcement net
work. The outlet interface also includes provisions for mating and sealing with the
fuel tank elbow which in turn would be reworked to include a flange equipped with
self-locking nut plates. A portion of the cylindrical surface requires an open area
covered with capillary screen (wire clothy. The panel is perforated at these areas
and the cloth applied over the surface (see Figure 5-5). The screen is sealed at

the perimeter by seam welding (using a backup strip to the mating surface). The
heat exchanger tubes required on the capillary surface are seam welded to the screen
and the panel (see Figure 5- 5). The webs on the tubes act as backup strips. In
some cases the backup strip shown for the perimeter welds may be replaced with

the tube assembly providing the heat transfer distribution requirements are met.
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The inboard surface of the assembly is profiled to follow the contour of the SIVC
intermediate bulkhead. Similar to the outboard cylindrical section, the stiffeners
and heat exchanger tubes are placed on opposite sides of the panel. Most of the tubes
are positioned between the frames to provide additional stability to the sheet metal
areas.

The four shear panels inboard of the end faces are perforated to allow flow between
compartments. The two additional bulkheads which form the end closures contain
open areas equipped with screen which will be discussed later. Each panel is attached
at the perimeter to the mating skins and rings using angles and rivets (see Figures
5-5 and 5-8)., An intersection between stiffeners and panels is formed which can be
accommodated by slotting the bulkhead (using perimeter angle sections) or discon-
tinuing the rings at each panel. Either case would require the use of intersection
clips which interlock the mating parts. The large area of the bulkheads coupled with
perforations dictates the need for angle stiffeners oriented parallel to the forward
face and positioned in line with the surface rings (see Figure 5-4 ). The angles are
riveted to the panels and interconnected at the ends to the perimeter members.

Three primary corner rings are required as shown in Figures5-4 and5-5. The
aft and inboard rings are channel shaped members connected to each shear panel
assembly using corner fittings, offset flanges, etc. The outboard unit is an angle
(equal legs) attached in a similar manner. Support fittings are required at each bulk-
head (see Figure 5-6). The inboard fitting is a tee cross section member bolted

to the shear panel perimeter angles and the corner ring. The outboard support
fitting has two legs for attachment to the ring and the bulkhead angles. The boss
section of this latter fitting is configured to mate with a clevis type pick-up from the
fuel tank wall.

The end surfaces of the assembly are formed with two flat shear panels partially
perforated, and equipped with wire cloth, heat exchanger tubes and stiffeners (see
Figure5-7 ). The angle or "Z* stiffeners are spaced over the entire surface in-
cluding the areas equipped with screens. Attachments between screen, stiffeners
and panel are accomplished with seam welding. Rivets can be used in those regions
outside the screened surfaces. "Z'" section members for the forward region of the
panels are recommended due to the long spans. At the short span aft regions, the
cross sections can be reduced to simple angles.

A deflector screen is required over the outlet area (see Figure 5-8). The assembly
is a flat rectangular perforated panel containing a perimeter frame, interior stiffen-
ers and wire cloth which covers the entire surface. Shelf angles attached to the out-
board reservoir wall, and to the two bulkheads, provide the support and fasteners
for the unit. The fourth side is attached to an inboard panel ring. A one piece unit
can be detached from the supports and moved within the compartment to allow access
to the outlet interface. A second approach uses a four piece deflector which can be
removed through the access opening. The latter method is recommended. Attach-
ments between screen, frames, and stiffeners are similar to that described earlier.
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5,1.2 RESERVOIR SUPPORT SYSTEM = The reservoir assembly is subject fo a
uniform pressure over the forward panel area plus loading due to the weight of the
unit. Figures 5-9 and 5-10 outline the methods, quantity of support points, and the
force relations. The loads are reacted from the fuel tank wall only using adjustable
tubular struts and fittings located at each shear panel. The pressure load on the for-
ward panel is absent when the acceleration value is at a maximum, therefore the mass
of the unit is the prime factor at this mode. When the uniform load is acting, the
acceleration load is minor. This latter condition appears to control the design.
Additional loads due to vibration, slosh, and lateral accelerations are present but
are considered to play a minor role relative to overall external loading. The attach~
ment at the fuel outlet projects additional redundancy into the system which requires
special attention.

5.1.3 COLLECTOR SYSTEM = The primary components of the collector system are
three tubes attached to the fuel tank wall and extending from a station near the for-
ward face of the reservoir to the forward end of the tank bulkhead. The tubes are
spaced 120°, Construction, quantity of supports, and type of fittings are shown in
Figures 5~11 and 5-12. A typical assembly is a perforated tube covered with a cap~
illary screen. The wire cloth section is fabricated separately as a tube, slipped over
the perforated member and seal-welded at the ends. Screens and perforations are
discontinued at the support points. The perforated tube therefore acts as a beam sup-
porting the wire mesh.

The sections between supports are basically simply supported beams subject to vibra-~
tional modes, acceleration and slosh modes. A trade-off exists therefore between
quantity of supports and tube diameter. For this effort, a two-inch diameter with a
three foot span was selected. One support method shown on Figure 5-11 uses tee
fittings welded to the tank wall, The tubing in turn is attached to the fittings with
standard clamps. This method is simple, allows for misalignments, but lacks stiff-
ness at planes 90° to the attaching surfaces. This latter feature may or may not be a
disadvantage depending upon final loads analysis. A second support method offered

in Figure 5~12 reduces the tank wall to centerline distance and provides an increased
load capability. The arrangement consists of a webbed yoke mating with a cap section,
The web section of the yoke is attached at two points to a fitting welded at the tank
wall. The diameter formed by the yoke and cap would be sized to prevent a clamping
action on the tube, therefore providing restraint in all: radial directions while allowing
axial motion. The "yoke/cap' method is more complex than using the standard clamps
but may be required for certain loading conditions.

5.1.4 HEAT EXCHANGER PLUMBING — The external surfaces of the reservoir are
equipped with heat exchanger tubes which must be interconnected to form circuits
which are compatible with the overall system, Figure 5-13 shows a plumbing arrange=~
ment which uses three manifolds at each end panel for serving the forward, outboard
and inboard panel tubes. The configuration is for the parallel set up shown in the
Figure 5-3 schematic.
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Figure 5-9, Reservoir Support System.
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Using a typical 24° section, the conditions

of Figure C, and moments about point D, "

W
W P_ 55 _ o
-5-><20+-5—-><é—=-—1?l><55><sin1+5

W + 5.5 Wp = 389 Py

b x 133 + 5.5 x 17,450 = 389 Py

Summerizing the vertical loads;

WP W
1 O - —_
P2 + Py sin L5 5+5

Py + 2480 x .707 = 3480 + 26.6
P, = 1754.6#
For the horizontal loads,

Pz = P cos U5°

il

2k80 x . 707
= 1752
The strut lengths are approximately 72.0
inches which may present vibration problems
when considering smell dismeters. A 1.50
inech 0.D. X .040 wall is selected which

provides .188 in?

area. The tension stress
= 2480/.188 = 13200 PSI. Steel can be used

to increase the stiffness if required.
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Figure 5-10. Reservoir Support System
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Each manifold is an assembly of elbows, tees and short straight sections which in

turn are welded to the tube ends. The manifolds are interconnecied to common inlet
and outlet lines which interface with other system components. The plumbing net-
work is spaced from the end panel surfaces to allow use of the portable orbit axrc
welding process and for inspection. Supports can be provided from the end panel stiff-
ener members using angles, tees and standard clamps. The Figure 5-13 approach
can also be applied to other circuit arrangements such as all series or a combination
of parallel and series. For example, those tube sections requiring a series '"hook-
up" would reflect 180° bend fittings.

The end panel surfaces are also equipped with heat exchanger tubes which must
interface with the system. Figure 5-14 shows an arrangement using two manifolds
and the location of the components relative to the preceding assembly. The tubes

are spaced from the panel surfaces and adjacent members to allow access for welding,
inspection, and assembly.

The inlet and outlet interfaces of the reservoir heat exchanger system are attached
to a throttling device and to the outlet duct exchanger. A plumbing arrangement is
shown in Figure 5-15 which mounts the throttling assembly on a forward panel
stiffener and routes the outlet tube from the exchanger circuit through a tank wall
penetration fitting which is equipped with mechanical connectors. The upstream and
downstream sides of the throttling package are equipped with tube runs which con-
nect to three terminals on the collectors and two on the reservoir manifolds.

5.1.5 OUTLET DUCT ACCESSORIES — Heat exchanger tubes, a gas liquid interface
screen, relief line, and a return line are required for the outlet duct which supplies
fuel to the engines. A design is shown in Figure 5-16 which locates the gas/liquid
interface upstream of the engine inlet area. The elbow section at the tank is alumi-
num alloy which in turn is connected to the steel section of the duct with a mechanical
joint, Each section is equipped with heat exchanger tubes attached to the walls, A
spiral pattern is shown with the pitch dimensions decreased at the elbow and inter-
face areas. Figure 5-2 schematic shows an alternate circuit when the fuel tank heat
exchanger/pump package is deleted. This would increase the number of coils on the
duct. The tubes are brazed to the walls. An alternate approach would be the use of
webbed tubes (similar to that used on reservoir walls) installed as rings and inter-
connected with jumper sections. The interface screen assembly consists of a tubular
section which is welded to the base of a wire cloth cone. The coupling ends are in
turn butt welded to the duct sections. An outlet boss (provided downstream of the
screen) is plumbed forward through an orifice to a tank wall penetration fitting for
relieving the pressure in the compartment aft of the screen. This outlet boss can be
part of the coupling or installed separately in a duct section. Both the heat exchanger
return and the relief tubes are supported from the duct using local clips welded to the
sall and standard clamps.
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The Figure 5-16 arrangement minimized the amount of feed duct rework and over-~
all complexity since the system does not span the gimbal duct section. Cases may
develop however which require a gas liquid interface location at or near the engine
inlet which is shown in Figure 5-17. The existing gimbal duct section is an assembly
of flanges, bellows and external yoke type devices for stabilizing the bellows column.
Aheatexchangeris required at this dynamic section since the interface screen is
located within the envelope. The simplest approach is shown which applies heat ex~
changer coils at the flanges only. Flexible connections between the coils would be
required in the form of flex loops or hoses to accommodate the bellows motions, A
second method is to jacket the bellows sections using the volume between jackets as
the heat exchanger. This latter method would require redesign of the gimbal duct
assembly. The Figure 5-17 arrangement also assumes heat exchanger provisions
on the pump inlet housing in the form of coils or integral passages. Routing of the
return and relief lines is similar to the Figure 5-16 design except flexing pro-
visions must be included for the engine gimbal motions.

Considerable duct rework and general complexity can be expected for the Figure 5-17
configuration, If jacketed bellows are used, the envelope for the gimbal duct changes
which in turn may interfere with adjacent equipment, increase the bellows spring
load on the engine inlet and possibly move the station location of the engine. If heat
exchange is applied at the flange areas only, flexing of the interconnecting jumpers
plus increased complexity of the flanges must be considered. Propellant flow prob-
lems may be encountered when using screens for gas liquid interfaces. If valves are
substituted for the screens, weight penalties and additional subsystems can be ex-
pected. ‘

5.1.6 WEIGHT ANALYSIS — A detailed weight breakdown for the reservoir is shown
in Figures 5-18 and 5-19, =20 and -21. A summary includes all structural members,
support fittings, struts, manifolds, heat exchangers, re-enforcements, screens,

and miscellaneous fasteners and clips. Basic dimensions are shown for most com-
ponents. Weight comparisons are noted for the heat exchanger tubes involving series
and parallel circuits. Due to the depth of the analysis, a 5% contingency factor was
used instead of the previous 109%.

The weight summary for the collector system is Shown in Figure 5-22 and includes
supports and fasteners for the tube assemblies. The tube manifold allowance is that
section of the circuit which interconnects the collectors and routes to the throttling
device located on the forward panel of the reservoir.

The feed duct manifold accessory weight is shown in Figure 5-23 which includes all
heat exchanger coils, interface screen fittings, and attachments. An additional
allowance is indicated when considering an interface location near the engine inlet.
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s
AFT CORNER RING 4,90 272" LGT.
P
76 .
\(/gw b 2O LG
INBOARD PANEL 67. 00
| oee _ 5 REQD, @ 351, 239
55 r:h/\ﬁg 222, 209 & 184 " LGT.
1 keo RESPECTIVELY
INBOARD PANEL STIFFENER RINGS 19. 90 .
R 030 7 REQD,
3% 6.0. —-€£ 1534" TOTAL LGT.
1 5]
INBD. PANEL HEAT EXCHANGER 4, 60%*
. 070 GA., 4 REQD,
| 040 EQUIV. GA.
| PERFORATED PANEL
INTERIOR SHEAR PANELS 24,16
T_..H”“* . 070 GA., 2. REQD,
ss0 +—|..”” PORTION OF PANEL
2no |3 )
J——s{— PERFORATED
[END SHEAR PANELS 17. 66
0534 /F T2
4, 12 FT2 REQD.
SCREEN FOR END PANELS 0.22

CONTINUED ON NEXT PAGE

Figure 5-19, Fuel Start Basket Weight Estimate (Continued)
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FWD, PANE

SHEAR PANELS
7/ INBOARD

PANEL
\—DEFLECTOR SCREEN

ITEM WT, LBS, REMARKS

pgr—— 1,58 2 REQD,

S e M 44

END PANEL STIFFENERS

pprm—T T.06 |2 REQ'D
175 — He—1060 321" LGT. EA,
END PANEL STIFFENERS
) 2 REQ'D,
150 Se—s066 24" LGT. EA.
AL
END PANEL STIFFENERS . 60
. 50 2@ 17" LGT.
/00— o060 2@ 10" LGT.
- le—-50
END PANEL STIFFENERS
i 11. 15 1860" LG'G TOTAL
100 e——2030
T ke

SHEAR PANEL PERIMETER ANGLES |

@ L L 2. 00

MSC, CLIPS FOR CORNER AREAS
INTERSECTIONS, ETC,

‘g_*__‘oso 2,16 480" LGT TOTAL
T_b 25
SHEAR PANEL STIFFENERS
.42 8 FT4 REQ'D
. 053#/FT
08— | 070 GacE .92 12 FT REQ'D,

L—J—/-B’?

DEFLECTOR SCREEN FRAME

s {Lg-aao . 65 6 FT., REQ'D,
ksl

DEFLECTOR SCREEN STIFFENERS

CONTINUED ON NEXT PAGE
Figure 5-20, Fuel Start Basket Weight Estimate (Continued)
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FWD PANEL

OUTBOARD SHEAR PANELS
PANEL

7 /+~—~INBOARD PANELS

*1, 30# FOR SERIES
CIRCUIT USING 1/2 O.D.
X ,030 TUBING

K |
- \_ DEFLECTOR SCREEN
ITEM WT. LBS REMARKS
ro—3 fe—-020 . 60 8 FT. REQD.
/-0
DEFLECTOR SCREEN STIFFENERS
. 48 4 FT, REQD,
128 rm{ 040
DEFLECTOR SCREEN SUPPORT
/o_{t_,o% 8 FT. REQD,
L—J——/.o
77
PERFORATED 3. 46 8 FT“ REQD,
(. 060 GA,) . 030 EQUIV. GA.
DEFLECTOR SCREEN SUPPORT PANHL
ATTTTT 3. 50 INCLS., END
- N\ l FTG'S, AND
MSC. JUMPER TUBE & MANIFOLDS SUPPORTS
FOR HEAT EXCHANGERS ,
A @_ = 1. 50
MISC, FASTENERS
——_____ { o POTVTORLE 18.0 6 REQ'D,
_ﬁp = :nsf} 3.0 # EAC, INCL.
K—-—.——-'é’ﬁ/’/’/?dx.——-—ﬂ FTGS.
83 B
'3753'—‘."—-@{ 4 1. 60% 300" LG'T,
4N
N
END PANELS HEAT EXCHANGERS
TOTAL (ALL FIGURES) 376,22
5% CONTINGENCIES 18, 80
GRAND TOTAL 395, 02

Figure 5-21, Fuel Start Basket Weight Estimate (Continued)
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*4, 23# FOR SERIES
CIRCUITS USING

[ 1/2 O.D, X ,030 TUBES
i ; COLLECTOR
t TUBES (3)
i
i
! LT~ BASIC MAT'L.: AL.ALY.
\\
\\\.— .
ITEM WT. LBS REMARKS
2.000.D, X.030X 36
R IR RRAY FT.
3 PIECES
PERFORATED SUPPORT TUBES 20, 00
s 3, 00 2.001.D, X 36 FT.
S SR OIS 3 PIEGES
SCREEN TUBES . 053 #/FT
0. 83 36 REQ'D,
o ot
L——/ 40/,9—»] L /O TYP
TANK WALL FITTINGS
. 0.75 36 REQ'D,
CLAMPS
FASTENERS
— 3, 18% SIZE 3/8 X . 030 X 900"
S—— “ AL, ALY,
MANIFOLD TUBING
TOTAL 28,76
10% CONTINGENCIES 2,87
GRAND TOTAL 31,63

Figure 5-22, Weight Estimate Fuel Collector Tubes.
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GAS/LIQUID INTERFACE
SCREEN

FOR CASE WHICH LOCATES THE
SCREENING AT THE ENGINE
INTERFACE, ADD 4.80 LLBS TO
THE TOTAL SHOWN BELOW

ITEM WT. LBS REMARKS
_ ﬂ‘% %\ .. 1/20.D. X.030 1.20 g g?f‘cl\g
TR AL, ALY
ELBOW HEAT EXCH. COIL
172 0.D. X 4,52 10 TURNS
7N\ N - 020 CRES 15" PITCH
DUCT SECTION HEAT EXCH,
1/2 0.D., X .020 1,60 8 TURNS
— By =— CRES 2" PITCH
SCREEN ZONE HEAT EXCH,
2,00
BRAZE MATERIAL
'\ /2 0.D, X .030 1,75 280" LG'T,
;o ¥ ALALY oo
A<= "Lras
HEAT EXCH, RETURN LINE . ,
3/8 O0.D, X . 03‘}3 AL, ALY 2.10 250" LGT.
RELIEF LINE
_ CRES 2. 60
SCREEN ASSY, INCL, FITTING
] =l s 0D
DUCT & TANK WALL BOSS FTGS. .
1.3
b ﬁ;’ b= |
MSC. FTGS. CLAMPS, NUTS, SCREWS
TOTAL 17.97
109 CONTINGENCY i, 80
GRAND TOTAL 19,77

Figure 5-23, Fuel Duct Accessories Wi, Estimate,
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5.1.7 STRUCTURAL ANALYSIS — A complete structural analysis of the reservoir
is relatively complex due to the interactions between circumferential and radial stiff-
eners, panels, bulkheads, external attachments and the type of loading, therefore
simplified approaches were used for this study. For example, the circumferential
stiffener ring sections on the forward panel are actually continuous curved beams with
rigid supports at the shear panel locations, elastic type supports at the radial stiffen-
ers, and elastically restrained comections. A typical section of the beam between
supports was isolated and treated as a simple supported member uniformly loaded
(see Figure 5-24), This approach is conservative but is partially compensated for
when considering details such as additional secondary panel stiffeners for vibrational
modes, any special end connections, etc. which may become apparent under a de~-
tailed analysis. Due to the capillary screens, heat exchanger tubes and the general

redundancy of the system, most structural member sizing was controlled by limiting
the deflections.

The forward stiffener system divides the panel into rectangular sections which are
subject to a uniform load. These sections were treated as rectangular plates with
large deflections and held edges (not fixed). Figure . 5-25 outlines the analysis.
Similar to the beam problem, the deflection at the center of the plate was limited.
Any benefit derived from the heat exchanger tubes was neglected since in a final de-
sign all panel sections may not be equipped with tubes.

The ring sections for the outboard panel were treated similar to that shown for the
forward panel stiffeners. The load and span for this case is changed from the
previous item. Figure 5-26 outlines the approach and estimates the cross section
required.

The primary bulkhead members (shear panels) are subject to the external loading
system shown in Figure 5-27 . The problem therefore is primarily one of insta-
bility. Since the panels are perforated, an equivalent gage was used in the calcula-
tions. Figure 5- 27 indicates that the buckling stress is less than the applied

stress, therefore a system of stiffeners is shown on Figure 5-28 . The areas framed
by the stiffeners are estimated in Figure 5=29 as rectangular flat panels loaded at at
all four simply supported edges.

Figure 5-30 outlines the approach used for the radial stiffeners on the forward panel.
These are treated as uniformly loaded beam sections spanning between the outboard
and inboard corner rings. A similar analysis is shown in Figure 5~31 for the pri-
mary stiffener members used on the deflector screen assembly.
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The forward stiffeners are assumed as beams per
the load conditions of Figure A.

The deflection

5W L
J = " 3 ET
where
W = 16.5 X 25 = hlo#
E = Modulus of Elasticity = 10 x 10°
I-= Crosé Sectional Moment of Inertia

If the deflection is limited to .10 inch

_ 5 x e x (25)°

384 x lO7 X I

.100

3.21
384 1

3.21 B b
I = 00 % 38 ,_ .0835 in

An approximate stiffener for the sbove I value is shown in Figure B.

Bending moment

_WL _ W12 x 25

M 8 8

= 1284 in.
Bending Stress

MC _ 1284 x 1.0

S =7 0824

= 15600 psi

Near the inboard area of the panel, the span L
decreases which in turn would decrease I. For
this estimate, the Figure B. cross section is
used for all stiffeners on the top panel.

Figure 5=24,
Egtimate,
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w=1,5X 11,0 = 16, 5 #/IN,
bebdddidddbbdbe b

e . = 25,0

—

Figure A

—-».50]“-—
P
L060 —>e— ’
2.00

5ok

Figure B

Forward Panel Circumferential Stiffener




The forward side is equipped with stiffeners
which divide the surface into panels. Using
the maximum size area as shown in Figure A,

the rm% 8=25.0 h
&, 25 ’

2= =2 = 2,27 NI

assuming & thickness t = .060 ’Xw = 1.5 pSI
Nezcaw cnaroe,
N b _ 1.5 (11.0)” Z; ’
RN \n EDGES HELD
Et 10 (.060)
21900 Figure A
- 129.5
= 169.8

E = Modulus of Elasticity
6

]

10 x 10
From table,

§9§ ='19.00 *
Et

where
= total stress (bending + diaphragm)

Therefore
19.00 x 107 x (.060)°

S =
(11.00)%

_ 684000
~121.0

]

5650 psi

Deflection y =t x 1.90 *
= ,060 x 1.90
= .1140 inch

¥y should not exceed the value shown.

* Roark, 3rd Edition, p. 221 and 222

Figure 5-25. Forward Panel Estimate,
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The oubtboard curved panel is stiffened
with rings which span the areas between
the shear panels. Using the load
condition of Figure A and assuming

the stiffener shown in Figure B, the W = 125 x 10 = 1.25#/in

deflection
. TETERERERR’
_ _5WL §
584 EI I, = 50.0 >
where
Figure A
W=wxXxDL=125Xx 50 = 62.5#
E = Modulus of Elasticity = 10 x 10°
I = Cross Sectional Moment of Inertia of Stiffener = .10 inu

_ 5 x 62.5 (50)°
38k x 107 X .10

y =

3.90 .
R .1015 inch

Bending moment

i

WL
M=3 -+ §§é§_§_§9.= 291 ing
Bending stress
M
e 391l x 1.0 _ .
S = T T~ 3910 psi

The deflection should control the stiffener cross section due to the
presence of heat exchanger coils and screen on the cylindrical surface.

.sorF-
P-—ﬁf
2.00

<060 — oy ’
—

.50k

Figure B

—3

Figure 5-26. Outboard Cylindrical Section Stiffeners.
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The 1/8 psi external loading on the surfaces
causes an approximate shear panel loading
condition shown in Figure A. The expression
for elastic instability of flat sheets in
comparison is v
2
chE £ .2
v
12 (1-¥“)

where "

S5.5. EDGES

S, = compression buckling stress o _l_
K. = buckling coefficient. ‘* yrrrerd T‘
For a/b = 36/72 = .5 b=72
K. = 10 (from curve p.C5.3) Figure A
¥ = Poisson's ratio = .3
t = .040 affective gauge
therefore
g =7r2><10><107 040 2
¢ 12 [1-(.3)81 72
_ 7% % 30.9
T l2 x .9l
= 27.9 psi
w = .125 x 48.0 = 6#/inch
where
48.0 = average length between shear panels, and

.125 = the external pressure

The applied compressive stress

1"

Since S5, <8/, stiffeners, increasing "t," or a combination of these is

required.

¥ Brubn, 1965, p. C6.1
Figure 5-27., Shear Panel Estimate.
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If two stiffepers are used which divide . the penel into one triangular and
two rectangulsr areas (per Figure B), the dimensions a and b for the
triangular section reducer to 20 and L0 respectively.
™ x 10 x 107 ,.040,°
B¢ = 2 om)
12 [1-(.3)°]

/f— STIFFENERS

W

90.5 psi which is less than the applied
stress

It is recommended that stiffeners be applied to the
panel as shown in Figure C. The location of these
stiffeners match the panel ring locations. For the
triangular section, a and b then become 10 and 20
respectively.

FIGURE B
g .7 x10 x 10 0402 s
12 [1-(.3)%] 20 -
If the guage is reduced to .030
S. = 204 psi
compared to the applied stress of 200 psi for t = .030.
Affective t = .040 is recommended due to additional loads

from vibretion, acceleration and the 1.50 psi acting
on the forward penel.

STIFFENERS

FIGURE C

Figure 5-28, Shear Panel Estimate (Continued),
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When three stiffeners are used, rectangulsr panel EDGE

sections are created with an approximate losad STMPLY
condition per the Figure D. The & and b SUPPCRTED
dimensions are for the forward section of the - a = 50“7**9
shear panel assembly.
-EZTJL
When Sy = Sy, tﬁig thetcritical Sy :::bz
compressive buckling stress I N 1
2 Sy
2 28
= + .
5 = Be [m & sz FIGURE D
where
5, - oD
e =
a2 t
. >
D = flexure rigidity = —T
12 (1-r")
t = thickness = .04O
E = Modulus of Elasticity = 10 x 10°
¥ = Poisson's Ratio = .3
therefore
b oLl (oko) e o,
~ 12 (1-.09) ~ 10.91 ¢
and
e X 58.6
Se = = 5.77
(50)°(.040)
M and n = number of half waves in the buckled plate in the x and
y directions. For our case assume m =n = 1.
Therefore

. |
S = Se (l+a—2}=5.77xh0=231psi
b

The applied stress due to the 1/8 psi external pressure = 150 psi.

* Theory of Elastic Stebility, 2nd Edition by Timosheijko, p 358

Figure 5-29, Shear Panel Estimate (Continued).
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The forwerd penel radial stiffeners reduce the
span of the circumferential members by attaching
to the outboard and inboard corner rings. These
radial members are subject to end reactions

from the circumferential beams. The magnitude
of the load varies due to the tapered configura-
tion of the panel. For estimating purposes, the
load condition of Figure A is assumed.

The total load W = 412 x 4 = 1648# where the
412 is the total losd for one 25 inch length
circumferential beam and 4 is the number of beams.

The deflection

_ 5w’
Y = T 38k BT

where

E = Modulus of Elasticity = 10 x 106

I = Moment of inertis of the beam cross section
If y is limited to .20 inches

_ 5 x 1648 x (55)°

=1.79 inl
(.2) x 384 x 107

I

The cross section shown in Figure B is used.

Figure 5-30. Forward Panel Radial
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FIGURE B

Stiffener Estimate.




The deflector screen assembly is exposed to
3/16 psi pressure differentisl. The stiffener
system includes radisl members subject to the

load conditions of Figure A,

The deflection

_ s
38k BT
where
W = 2.25 x 24 = 5hf
E - Modulus of Elasticity = 10 x 10°

I = Cross sectional moment of inertis
If y is limited to .10

5 x 54 (24)3

.100 =
3gh x 107 x I
_.373
"3k T
therefore

o= = ! )4'
I AN .00972 in

WL 54 x 2k

5 5 = 162 in #

=
i
I
i

Me 162 x .50
I .01

Use Z or angle members equivalent to Figure B.

= 162 X 50 = 8100 psi

W

W

PANEL
ey X §
WIDTH PRESSURE

2 X 3/16 = 2.55#/in

L
e 1
e
e
—
.
e
A

f~f—. 030
1.50

N

Bt
#—Jm .50

FIGURE B

Figure 5«31, Screen Deflector Stiffener Estimate.
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5.2 8=-IVC OXIDIZER START SYSTEM DESIGN

The following analysis was conducted for the oxidixer start reservoir (including an
outlet screen and tank wall heat exchangers) and the outlet duct accessories. The
basic parameters, ground rules, and general arrangement are shown in Figure 5-32.
The external loading shown is considered an uitimate value which includes allow-
ances for impact and margins of safety. The effort includes a basic structural
analysis; detailed weight breakdowns for both the reservoir and the feed duct acces-
ories; and a set of design drawings describing the strucfural arrangement, attach-
ments, heat exchangers, and screened surfaces.

The reservoir is a conical shaped member equipped with a cylindrical skirt which in
turn is attached to a land section provided on the tank wall. The forward end of the
conical section and the aft skirt are equipped with capillary screens which in turn
are supported by perforated sheet metal skins. Since the assembly is subject to
external loading, vibration and acceleration, a stiffener system using rings and
stringers are required.

The outlet screen located aft of the reservoir assembly is a circular member sup-
ported by a perforated diaphragm. The unit is attached to a land section integral
with the oxidizer tank wall.

Two heat exchanger coils (one located forward of the reservoir support area and one
positioned near the support area) are required. These coils are webbed tubular
members welded to the outside surface of the tank,

The outlet duct accessories consist of heat exchanger coils, a gas/liquid interface
screen, and interface tubes. A design drawing is included which outlines the hard-
ware arrangements and relations to existing equipment.

5.2.1 RESERVOIR STRUCTURE ~ The basic structural arrangement is shown in
Figure 5-33. Four rings at the inboard side and 24 stringers on the outboard face
provide the stiffener system for the sheet metal conical skin. '"Z" sections are used
for both the rings and the radial members. A ring located at the forward end and one
at the base interconnect the stringers and the conical panel for resisting radial loads.
A skirt section consisting of a perforated cylinder (one end flanged) is attached to the
base ring and to the tank wall land. The perforated area is covered with a capillary
screen,

Figure 5-34 shows the basic geometry at the apex area and the attachments between
the screen, ring, conical skin and radial stiffeners. The screen is a separate assem-—
bly consisting of a perforated support diaphragm seam welded to the screen using

one back up strip. The assembly is riveted or bolted to the ring., The diameters

of the above units could be increased for accessability purposes if required, The
radial stringers, conical skin and an inboard collar piece are riveted to the ring. The
collar provides additional cross sectional area for resisting the compressive loads.

5~-41




MAT'L & ALLOWABLES

2219 - T62
*FWD COIL CONTINUOUSLY Foy = 54, 000
ATTACHED TO TANK WALL, Fry = 36,000

AFT COIL ATTACHED @

17 POINTS {1, 0" LG'T WELD PATCHES)
HEAT EXCHANGER TUBES

MOUNTED ON OUTSIDE FACE
OF TANK WALL - 2 TURNS

CYL. SECTION 7/2 0.D, X .030 WALL, *

COVERED WITH
— SCREEN. 368 PSI ULT
DES, PRESS. ACROSS
SCREEN |

10 PSI ULT. DESIGN [
PRESSURE ON
FWD, SURFACES

- /"—’—r T \
\\

AN |
TOP FLAT AREA |

EQUIPPED WITH

, \ .50 FT2 SCREEN

\
\/ k l/’
: < 96,0 DIA ;

4, 44" FRO
TANK T, P.
TO iCREEN

L% SR AR AR A IS R R B R g ety
B S SO SR SIS

1 / / 1

z% | |
36, 0 / }
BETWEEN ’5/

COILS

INLET SCREEN
ATTACHED TO
TANK WALL

ULT DESIGN PRESS
ACROSS SCREEN

=.368PSL 4 ggu cYL,
SEC TION

ENDING PUMP
Figure 5-32, Oxidizer Tank Reservoir General Arrangement
and Design Ground Rules.
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APEX

RADIAL
STIFFENERS

RING
STIFFENERS

PERFORATED
CYL. SECTION
EQUIPPED

& COVERED
WITH SCREEN

BASE
RING

HEAT
EXCH.
COIL

OUTLET

|
DUCT. REF, "”i SCREEN
I

THE DESIGN ASSUMES ONE ADDITIONAL
ACCESS OPENING IN THE OXIDIZER TANK,

RESERVOIR IS PLACE IN TANK PRIOR TO
FINAL WELD, RESERVOIR CAN INCORFPORAT

©

ACCESS OPENING I¥F REQUIRED,

Figure 5=33. Oxidizer Reservoir Structural Arrangement.
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— 12,00 O, Bs

—, 50 X ,030 BACK UP STRIP

RADIAL
SEAM WELD STIFFENERS

—. 090
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RIM
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VIEW HBH
(SEE STRUCTURAL ARRANGEMENT DRAWING)

Figure 5-34. Oxidizer Reservoir Structural Details,
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The attachments between stiffeners, and the basic profiles are shown in Figure 5-35.
"Z'" type sections are used for both members with riveted connections at junctions
formed by the flanges and the skin.

Figure 5-36 outlines the ring, cylinder; screen and heat exchanger coil at the aft
end. The base ring is a channel shaped member equipped with a web for attachment

to the conical skin and to the stiffeners. One leg of the ring is attached to the skirt
section. The cylindrical portion of the assembly is a perforated sheet metal band
equipped with a flange at the aft end and a capillary screen which covers the outboard
surface of the perforated area. The screen is attached by seam welding to the for-
ward and aft ends of the cylinder using back-up strips. A local ring type land equipped
with tapped holes is provided in the tank wall for attaching the reservoir assembly.
The outboard face of this attachment zone is a series of local bosses for the tapped
holes. The heat exchanger coil required near the support zone is a single turn unit
consisting of a tube equipped with 17 local web sections or tabs which in turn are

seam welded to the tank wall. A second single turn coil located forward of this area
(see Figure 5-32 ) has identical attachment methods except a continuous web and seam
weld replaces the local tabs. Jumper tubes are used to interconnect the coils through
a by-pass valve (see fuel system schematic).

The outlet screen located aft of the reservoir assembly is shown in Figure 5-~37.

The unit consists of a perforated diaphragm equipped with a corrugated shaped screen
seam welded at the perimeter using a back-up strip., The assembly is bolted to a
local land area in the tank wall which contains tapped holes. Similar to the reservoir
support area, the outboard side opposite the tapped holes contains a series of local
bosses for accommodating the thread depths.

5.2.2 OUTLET DUCT ACCESSORIES — The outlet duct is an assembly of elbows,
flex joints and a special gimbal section for absorbing the engine interface motions
during thrust vector control. It is required to equip the duct with an internal gas/
liquid interface screen, external heat exchanger coils, and a downstream relief line.
Figure 5-38 shows the general arrangement and relations to the existing equipment.
The heat exchanger section forward of the gimbal duct assembly is a helical coil
brazed to the duct wall, For the gimbal portion, a single turn is used at three flanges
and interconnected with jumper tubes which in turn incorporate flexing provisions for
absorbing the lergth changes between flanges. An alternate design would use flanges
containing flow passages and terminal bosses for interconnecting the paths.

The gas/liquid interface screen is a conical assembly containing a fitting at the base
which in turn is welded to the duct components (see the arrangement for the fuel
system). A relief line routing from the downstream side of the screen to a tank wall
penetration boss is included, Both the heat exchanger supply and the relief tubes
are supported from the duct walls using clips and standard clamps. Considerable
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(SEE STRUCTURAL ARRANGEMENT DRAWING)
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Figure 5-35. Oxidizer Reservoir Structural Details,
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Oxidizer Tank Reservoir Structural Details.
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SEAM WELD SCREEN
TO PERFORATED

SHEET,
.030X ,5,0 BACKUP
CORRUGATED STRIP
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67. 0 DIA—
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Figure 5-37. Oxidizer Tank Inlet Screen Details.
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TO OXIDIZER TANK WALL

TANK HEAT EXCHANGER B
I [ LOCATED AFT —
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HEAT EXCH,
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TO OXIDIZER ; =
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FITTING
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Figure 5-38., Oxidizer Feed Duct Accessories,
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rework of the oxidizer duct assembly is expected. The screen location shown will
require redesign of the flanges and the interface between flanges and bellows. The
revision is further complicated when considering jumpers which must have a fatigue
life equal to or greater than the bellows.

5.2,3 WEIGHT ESTIMATES — Figures 5-39 and -40 summarize a detailed weight
breakdown for the oxidizer reservoir, inlet screen and tank wall heat exchangers.
The list includes all major structural members, screens, welding backup strips,
material added to the tank wall for attachments, and an allowance for miscellaneous
fasteners. Equivalent gages were used for those areas having perforations. The
parts list includes the basic geometry for each component as a reference.

A similar weight analysis is shown in Figure 5-41 for the oxidizer feed duct access=~
ories,

5.2.4 STRUCTURAL ANALYSIS - Simplified approaches were used in sizing all
structural members. The overall load condition is shown in Figure 5-42 for the
base ring of the conical section. The uniform pressure acting on the forward sur-
face creates a kick load at the base which is reacted by hoop tension in the ring.

Figure 5-43 outlines the approach used for estimating the radial stiffener or stringer
cross sections. The members in effect are continuous beam columns on elastic
supports. A section of the beam between stiffener rings is isolated and treated as

a uniformly loaded beam column with an end fixity equal to one. The member is also
checked for critical buckling stress. A section of skin attached to the flange (which
contribufes to overall strength of the beam) is neglected in this analysis. For com-
pressive modes, it is assumed that a portion of the skin and the stringers share the
loads. The uniform load "w'" was determined by the pressure acting on the maximum
panel size located at the base. The above is conservative but is assumed to compen-
sate for additional requirements that may arise from a detailed investigation,

The stringers for the conical section have intermediate elastic supports which are the
rings located at the inboard side. An equivalent radius was assumed and the cross
section of the rings estimated using the relation shown in Figure 5-44 which is for
cylindrical shells.

The ring at the forward end of the cone is exposed to external loading per the con-
ditions shown in Figure 5-45. The member is checked for critical buckiing load, for

compressive stress, and the cross sectional area estimate,

The forward screen is supported by a perforated sheet metal member which is attached
at the perimeter to the apex ring. The unit acts as a uniformly loaded diaphragm with
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The conical portion of the reservoir
is subject to & uniform load due to
propellant impingement. This loading |*w = 10 PSI ULT
causes a radial reaction at the base oy

of the core which is reacted with a

g

IS ) ;
ring (see Figure A). NR .._.7.&_}___1 |Y f‘-—NR
The total load Nl 96. 0 DI#s N

‘ Y Y
P=wx .785 (96.0)2 .
Figure A.
= 10 X 7230
= 72300#
The reaction per inch in the y-y direction
N = 72300
Y 7T x 96
= 240#/in.
P cot 200 72300 X 2.75 _ .
M = Fxo5— = 35 = 658#/in — R
The base ring is in hoop tens;lon as shown in Figure
B. The magnitude of this tension load = N 2R =
658 X 96 = 63200#,
The ultimate room temperature tensile strength for Figure B

2219-762 aluminum alloy Fy = 54000 psi, therefore
the cross sectionsl area of the ring

63200 .2
A = z=Spes = 585 in

The section shown in Figure C is used.

3.50 ] 1.00
.50 -1 [H; tL:j:’
$——_l 1-,10 l_____

1.00

Figure C
Figure 5-42, Oxidizer Reservoir Base Ring Estimate
for Conical Section.
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If the stiffeners are treated as bean

Figure 5=43.

columns,
UNIT MAX. PANBEL
0 - P 72300 v =(ppiag ) X €08 20° x ( oy
L~ 2L sin 20° 24 x .3h42
=10 X .939 x 10 = 93.9#/1in.
— #* [ v
= 8800 NL :;i!lln:; \I NL
]
24 is the number of stringers. t‘———vz = 9.0 ]
The maximum bending moment Figure A
- ".’__2_2. 7\(“) *
T8
where
A(p) is & function of b = L2
2 ET
E = Modulus of Elasticity = 10 x 108
T = Cross Section Moment of Inertia = .03375 inlt
e :'2- ——8—89-9——=)+.5V§;§§—3 =4,5 x ,1615 = .726
107x.03375 :
2 B = 1.45C
From Table A-2 p. 529 ¥ A (n) = 1.28
z
C
M = %ﬁ—ﬂﬁL % 1.28 = 1218 in#
. 1218 x .78 _ .
Bending Stress = o355 - 27000 psi
The stringers are subject to local buckling. bp = .50 - .0k
The critical buckling compressive stress = k6
z
K ™ & z —tn = L0kO
g = _Y____E_ AR F
12(1-¥%) ¥ e I.‘v .50
Where T—+
K; = bucklin fficient ol t = .0bO
g coefficien 1.50
ba g . b1 v, =10 - on
= = = .315 and 2= = 1.0 :
bw 1.546 ' tF * -_J = 1.46
From Figure C6-lL % == .50
K, = 4.30 Figure B
R et AT

Theory of Elastic Stability by Timoshenko, Second Edition, p 10
¥%  Bruhn, 1865, p. €6-2 and C6.3

Oxidizer Reservoir Stiffener Estimate for Conical Section
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V = Poisson's Ratio = .30

(1 - v¥) = .91

tw 040 _
(Er') =Tyg = L0274
2 7
_h,30 x T x 10 2
S =95x o1 (.027k)
_ h2.h x 7500 _ 29100 psi

10.91

Figure B section is used. It is assumed that the compressive stress is
distributed to the stiffeners and the skin (no skin buckling). A local
doubler near the apex may be required.

Figure 5-43, Oxidizer Reservoir Stiffener Estimate
for Conical Section (Continued).



The radisl stiffeners located on the
forward side of the cone are subject
to the column loads due to NL. These
members are continuocus beams on elastic N
supports (see Figure A). The supports
in this case are the rings locsted at
the inbosrd side.

For estimating purposes, an equivalent
cylinder is used and the moment of
inertia section "I" for these rings
expressed as follows:

2

Ch X Mx D" *

F

1= BL

where
CF = coefficient = 6.84 X 1074

M = Equivalent Moment = 7 R2 N

1L

using an equivalent cylinder radius Ry = 40.0

N] for Equiv. Cyl. = 698 X % = 838#/in.
Therefore

M =7 (40) x 838 = k.22 x 10°

E = Modulus of Elasticity = 10 X 10°

L = Ring Spacing = 9.0 inches

I - (6.84 x 10'5) (Lh,22 x 106)(80)2 = 0205 ind

10 x 10% x 9

Use the section shown in Figure B

Figure B

* Tech. Paper "Simplified Analysis of General Instability of Stiffened
Shells in Pure Bending," By F. R. Shanley, 1949.

Figure 5-44. Oxidizer Reservoir Conical Section Stiffener Ring Estimate.
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The radial load Ny for the base member
is reacted at the apex region by &
ring subject to the loading conditions

of Figurs A and B. The critical ¢
radial load

N e — N
BRI R = Ng
N == ¥ =/ \\=
CR RS NR‘“*i ﬁ%E%
where T 1
E = Modulus of Elasticity Figure A
- 10 x 10°
I = Cross Section Moment of Inertia
— 1
For Npgr = NR
3
7 - 526k (6$ _ .1%38 0379 int N =
3 x 10 -

The compressive stress may control the ring
cross section rather than the above relation,
therefore using the configuration shown in
Figure C, the cross sectional area A = 3.5 X
.17 = .595 in®

Compressive stress

Figure B
_ 5z26hk x 6
S = Eon - 53000 PST
Fi, for 2219-T62 AL Aly = 54000 PSI (R.T.)
Use Figure C cross section or equivalent.
2.0

i
i 17

Figure C

# Theory of Blastic Stability, by Timoshenko, 2nd Bdition, Page 291.

Figure 5-45, Oxidizer Reservoir Apex Ring Estimate for
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the edges held. An affective gage is used and the maximum stress and deflection
estimated, per Figure 5-46 . To avoid stressing the screen, which may alter the
absolute micron rating, it is recommended that the wire cloth member include flex-
ing provisions. This latter feature would permit the screen load to be transferred to
the diaphragm. A similar condition is shown in Figure 5-47 for the outlet screen
located aft of the reservoir. A pleated type cross section is reduired for the outlet
screen to satisfy the affective flow area. This configuration should include features
for transferring the load from the wire cloth to the perforated support member.
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The screen at the apex region of the conical
section is supported with a perforated sheet which
is subject to a uniform load (see Figure A).

The loed condition causes diaphragm stresses

"Sp" in the perforated member.

3
Ew2 R2
¥ 8p = 0.423 at the center.
tz
where
6 Figure A
E = modulus of elasticity = 10 X 10~
t = .030 (minimum affectize gage).
5[, .7 2 2
Sp = 0.423 ‘/io x (10)° x 5
2
(.030)
- .h23 y2.78 x 1000
= 423 x 30300
= 12820 psi
The maximum deflection at the center of
3
_ VE
y = 0.662 R R
= .182 in.
It may be required to form the perimeter of the
screen per Figure B to compensate for the PERIMETER
deflection or add stiffeners to the perforated WELD
sheet. |
SCREEN
FLlad R
derxxyy x?gfkir *X"’x#
\__ SUPPORT
SHEET
Figure B

# Roark, 3rd Edition p. 223

Figure 5-46, Oxidizer Reservoir Support Skin Extimate
for Forward Screen at Cone Apex,
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The outlet screen located aft of the reservoir

is supported by a perforated diaphragm which EDGES
is subject to a uniform losad.

HELD

The stress at the center

Sla.2 R2 &
= . k23 x E—:W—ZB—
t

where
E = 10 x 108

Using an affective t = .030

3[ 7 2 2 .
. 423 ‘ﬁo (.36523) (32) Figure A
(-039

= 11580

The deflection at the center

SNR .
¥y = .662 R o ° . 720 in.

The screen design includes convolute type pleats for increasing the
effective area. This configuration should have sufficient flexibility
to follow the above deflection without rermanent deformation of the screen.

*Roark, 3rd Edition, P, 223

Figure 5-47. Oxidizer Outlet Screen Support.
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5.3 OXIDIZER TANKER COLLECTOR SYSTEM DESIGN

The collector system for the oxidizer tauker consists of eight channels interconnected
at the equator with additional sections. The system includes a cylindrical reservoir
located at the tank outlet which is attached to the eight collectors. Figure 5-48 out-
lines the general arrangement of the major components, and lists the design ground
rules including loads, cooling coils and screened surfaces. A heat exchanger cir-
cuit schematic for the support areas and the outlet zone is shown in Figure 5-49,

The study was conducted in two parts covering the collectors and the reservoir. A
simplified structural check was made for major components and a detailed weight
breakdown generated for each area.

Several structural approaches can be employed using honeycomb panels, truss core,
waffle, monocoque and skin stringer frame. Each approach presents advantages and
disadvantages relative to weight, manufacturing complexity, quality control, check-
out, design complexity, cost and repairability. A comprehensive study would in-
clude design cuts for each of the candidates with a final selection based on tradeoffs.
For this effort the '"skin stringer frame"™ method was used due to relative simplicity
and adaptability to ordinary manufacturing methods, The above was also considered
for the fuel and oxidizer systems on the SIVB tanks.

5.3.1 COLLECTOR STRUCTURAL DESIGN ~— The collectors are rectangular box
members extending from the reservoir to the forward area and are contoured to
follow the spherical wall of the tank, A typical cross section consists of four "ZEE"
skaped stiffeners (or stringers) interconnected with two flat perforated panels (see
Figure 5-50). The web sections of each stringer contain holes, Both the panels

and the two outboard members are covered with screens which are seam welded at
the perimeters (using back up strips) which also serve as structural attachments.

An alternate approach is shown in Figure 5-~51 which replaces the "Z' sections
with channels. This latter method separates the screen attachment from the struc-
tural connections which may provide a manufacturing advantage. For example the
panel can be equipped with capillary screens, checked out and cleaned prior to the
final assembly. Furthermore the independent structural connection may be accom-
plished by welding or riveting, If rivets are used, the spacing may become critical
because the interfaces must form a seal equivalent to a wetted screen, Seam weld-
ing is a reliable seal but presents disadvantages when considering re-work and
maintaining a cleanliness level,

The Figure 5-51 design may also provide advantages during the assembly sequence.
The two inboard channels for example are first attached to the face sheets using the
1=-1/2=inch space between the panels for back up tool access. The second phase
consists of positioning the two outboard members and attaching at the open flanged
area. When using the "2Z" sections of Figure 5-50, one face sheet only is attached
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Figure 5-49, Oxidizer Tanker Heat Exchanger Schematic.
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to the stiffener flanges to permit tool access. When installing the second sheet
of Figure 5-50 the panel would have to be flexed to permit tool access for the
inboard stringers. Flexing could cause damage to the screen assembly.

Reduction of overall flow area due to the separate seam weld zones is a disadvantage
of the Figure 5-51 design. This area reduction however can be overcome by in-
creasing the overall dimensions of the channel which in turn increases the weight.
Assuming that the change in area has negligible overall affects, the Figure 5~51
approach is recommended due to manufacturing and quality control advantages.

Each collector is supported from the tank wall at 5 planes (see Figure 5-48 ). A
sixth attachment occurs at the reservoir flanges. Two low conductive links and one
drag strut provide the radial and tangential restraints at each of the 5 zones. Sup-
port in a direction parallel to the collector run is provided by the reservoir. A
typical design is shown in Figure 5-52,

A perforated bulkhead or shear panel member is used to carry the loads from the
stringers to the tank wall. Each side of the collector is equipped with a clevis type
fitting which is interconnected to the stringers and the bulkhead using angle chips
and rivets. One end of the support links and struts are pinned to the fitting and the
opposite ends are attached to clevis type members which are welded to the tank wall,
Figure 5-52 shows Zee type stringers but the arrangement is adaptable to the
Figure 5-51 design by revising the end fittings as shown in Figure 5-51A and

5-60B.

A force applied at the pin (see Figure 5-52 ) is transferred through the support
fitting to the angle clips which in turn pass the load to the bulkhead web. This path
can be reduced by extending the cross beam through the outboard channel members
and attaching fittings directly to the web (see Figure 5-52A). An "I" section is

used for the cross members. A section of flange on each channel is removed and the
intersections between webs and flanges are butt welded to ensure a seal. Two angle
type fittings; incorporating raised land sections for controlling the clevis width and
the pin bearing area; are riveted to the "I'" and channel member webs. The primary
load route is through the fitting to the web by the shear action on those rivets which
penetrate the web of the '"I'' member.

The disadvantage of the Figure 5-52A method is the requirement for seal welds at
the splice area since the outboard members are discontinued, When considering
Figure 5-52 method (using '""ZEE'" or channel components) the load paths are rela-
tively indirect, however, the magnitude of these forces are small and the overall
weight penalties would be negligible. The Figure 5-52 approach is recommended.
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The collectors are interconnected at the equator by eight channel sections equipped
with end fittings which serve as supports, flow passage connectors; and allow for
length changes due to folerances and tank wall deflections. A typical design is
shown in Figure 5-53. One end of the assembly provides radial restraint only by
using a sliding interface equipped with a boot seal. The opposite end is a flanged
connection which supports the assembly in all planes. The rectangular shaped
flanges are equipped with short neck sections which in turn are welded to the end
adapter in the collectors. The arrangement shown is also adaptable to the Figure
5-51 design which replaces the "ZEE" stringers with channel type members.

5.3.2 RESERVOIR STRUCTURAL DESIGN — The collectors are interconnected at
‘the outlet area of the tank with a reservoir equipped with flanged interfaces. The
reservoir is a cylindrical member consisting of a screen covered perforated shell
stiffened with rings (see Figure 5-54). The forward, aft, and the intermediate
rings are also equipped with screens which are supported by the perforated sheets.
The screens, support sheets and the rings are seam welded at the perimeter (see
Figure 5-55). Stiffeners are used on each of the flat panel sections. The aft ring
contains the interface flanges including provisions for mounting onto the storage
tank wall (see Figure 5-56).

An alternate layout is shown in Figure 5-57 which separates the screen and struc-
tural connections, and allows access to the intermediate compartments without
severing components. These features may be an advantage when considering clean-
ing, inspection, or repair. FEach screen and the support diaphragm is fabricated
as a sub-assembly which is cleaned and checked out prior to riveting or bolting to
the support rings. The diameters of the intermediate sections are decreased to
allow assembly after completion of the cylindrical shell section. The disadvantage
of the Figure 5-57 design is a decrease in screen area and a weight penalty due to
the skirt selections on the rings. The Figure 5-57 configuration is recommended
and is used for the weight estimate,

5.3.3 HEAT EXCHANGER TUBES — The outboard surface of the spherical storage
tank is equipped with heat exchanger tubes for conducting heat locally at each collec~
tor support area., A typical layout showing relations between attachments is outlined
in Figure 5-58. The routing shown can be varied using additional bends or runs
designed to exchange energy at two or more points at each support zone. Details

of the attachments are given in Figure 5-59. The conductive points are formed by
brazing or welding the tubes to web sections which in turn are welded to the tank
wall. The tube is prevented from contacting the tank at the mid~span areas by
attaching low conductive washers to web pieces. For cases involving lengths which
require intermediate supports, Figure 5-60 provides tank wall fittings which are
riveted or bolted to the tube webs using fiberglas angle clips. Tube bends can be
used as shown or the support clips may be reversed which would place the tube at
the support points near the tank wall surface, therefore minimizing the amount of
off set.
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Figure 5=55, Oxidizer Tanker Reservoir Structural Details.
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SEE DETAIL DRAWING FOR TYPICAL
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CYLINDRICAL - SCREEN IF REQUIRED.
SHELL

<——SCREEN

COLLECTOR REF.

SEAM WELD

/' RIVETS
I

==

VIEW "A" ALT.

- /
SCREEN
—RIVETS
i
VIEW "D" g

WSEE STRUCTURAL ARRANGEMENT DWG, ) LPERFORAT,ED SEAM
PANEL WELD

VIEW A"

Figure 5-56, Oxidizer Tanker Reservoir Structural
Details.
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Figure 5-57. Oxidizer Tanker Reservoir Structure (Alternate Ring Details).
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Figure 5-58. Location of Heat Exchanger Coils Relative to Collector
Supports (External Systems).
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Figure 5-569. Oxidizer Tanker Heat Exchanger Coils
(Typical Attachment Methods),
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Figure 5-60. Oxidizer Tanker Heat Exchanger Coils (Alternate Support
Method).
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An alternate heat exchanger system is shown in Figure 5=-60A which places the tubes
inside the channels. The flow starts at a bleed point located on the forward end of a
channel and is routed through the collector support pins. The circuits can be arranged
in parallel or series depending upon the distribution requirements. The tubes are
supported from the channel frame work using standard clamps. A typical pin fastener
used for interconnecting the support components and for conveying cooling fluid is
shown in Figure 5-60B . The pin incorporates a shoulder, a lock ring and two ends
machined to permit butt welding to the heat exchanger tubes. The tubes which attach
to each end of the pin are routed through the channel to the opposite side.

The relations between bleed port, support pin, and the collector structure at the
forward end is shown in Figure 5-60C . The bleed terminal consists of a flanged
boss (welded to the channel wall) containing internal threads and a seal land for
receiving the orifice fitting. The orifice and pins are interconnected in series with
external jumper tubes which are welded to the terminals.

5.3.4 WEIGHT ANALYSIS - A detailed weight analysis is shown in Figures 5-61,
-62, -63 and -64 for the collectors and the reservoirs. The summaries include
all structural members, fittings, screen, heat exchanger tubes, fasteners and a
contingency allowance. Basic dimensions for most components are listed for
reference.

5.3.5 STRUCTURAL ANALYSIS — A simplified structural check for major compo-~
nents only was conducted, Figure 5-65 shows an estimate for the collectors which
are treated as simply supported uniformly loaded beams. A critical buckling check
for the flat panel sections is included. I is assumed that no structural strength is
derived from the screens. The flat panel sections are also subject to the uniform
loading condition shown in Figure 5-66, The deflections are low which is desirable
for a screened covered surface.

The flat diaphragms for the reservoir are exposed to a pressure differential which
subjects the perimeter rings to the external loading condition shown in Figure 5-67.
A ring cross section was estimated and a stiffener allowance for the flat sheets
included.

The reservoir perforated cylindrical shell is exposed to an external pressure which
may cause buckling., Figure 5~68 shows an estimate which assumes a section be~- .
tween rings, simply supported edges, an equivalent thickness, and no contributions
from the screen.
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Figure 5-60A., Heat Exchanger System Located Inside of
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Figure 60B. Collector Support Heat Exchanger Details,
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Figure 5-61. Oxidizer Tanker Collector Channels Weight Estimate.
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Oxidizer Tanker Collector Channels Weight Estimate

(Continued),
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A typical channel cross section consists of

four stringers welded to two panels which forms PANELS
the box section shown in Figure A, The . A |

¥
channels are supported at six points inside i -L &I j 1. 50
the ozidizer tank, A section spanning two Figure A

supports is treated as shown in Figure B,
The approximate weight per inch for the beam
is ., 132, Assuming 10 gs, W = [132 X 58 X 10

= 76, 5#. The maximum bending moment

- 76.5 X 58 = 555, 0 in #
LIS

UNIFORM
_ A /’LOAD
: : . 5wWL3
The deflection at mid-span Y = IBIET W
EERRAN ISR RN
Where e - 1.,=58
Figure B
E = 10X 106
I = moment of inertia of total cross section
= ., 56 approx.
3
Y = 5X 76,5 X (58) - ;‘éS = 0347
384 X 102 X . 56 1
The bending moment subjects the flat panel
sections to a compressive stress Sc =-I-\I-A—E H“
where : EDGES T
_ 1.5 SIMPLY  —
¢ = —==.175 SUPPORTED 58
Sc = _.._..,_.._6___._5555( R 743 psi 4.5 >

i

Figure C,

Figure 6-65, Oxidizer Tanker Collector Channel Panel Estimate.
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The critical buckling stress under the Figure C load conditions

2 2%
S T Kc E_ t
CCR T

12 (1-r%)
where
Ke = buckling coefficient
From curves (PAGE CB5, 2%),
Kc =4,0
E = 10X 10° = Modulus of elasticity
Y - Poisson's ratio =, 30
t = Equivalent panel gage =, 021
2
s = _miX4.00%10] . 024 >
cR 12 X [1-(. 3)2] 45
_ 39.4X 218
12 X .91
- 8550 _ .
" Jo.9 - 90psi

Buckling will not occur since SCCR> Sc'

*"Bruhn' 1965 P. C5.11.

Figure 5~65., Oxidizer Tanker Collector Channel Panel
Estimate (Continued).

5-88




The flat panel sections of the channels are exposed

leb = 4,5
to . 10 psi external pressure, The coefficient ]
4 g -
c = Wb * : 10 psi ] L
TE}_Z‘—‘ . P A :
where Ay //
. EDGES a =58,0
t = . 021 equiv, HELD
g
Therefore 4 <
C z - 10(4. 5) = 21,10 Figure A

107 x (. 021) %

From table

2
Sb
—— = 7.00 .
Et
S = total stress, (diaphragm plus bending),
2
S - 7.00 X EXt
bZ
7 2
_ 7.00X 10" X (,021) - 30,900 = 1 530 psi
) (4. 5)2 20.2 E

From table %, %(—— .90

where
vy = deflection
v =t X.90
= .021 X ,90
= . 0189 inches

*MROARK!" 3rd edition P, 222

Figure 5-66, Oxidizer Tank Collector Channel Panel Estimate,




A perforated flat panel is assumed at the forward end a=24.0

which is exposed to a . 10 psi uniform load w -, 10psi
(See Figure A), The diaphragm stress o %@‘} AR ‘}i'é% AR %
: NR NR
3 sz 5 2
SD 0.328 3 M“T“ZWM * Figure A,
where
E = Modulus of elasticity = 10 X 10°
t = . 020 equivalent gage
) 3 107 x (. 1)% (24)%
SD = 0,328 > z
(. 020)
3
0.328 XV 144X 107 = 1720 psi
NRp = 1720 Xt = 1720 X , 020 = 34,4 #/in Figure B,
NR externally loads the forward ring as shown in Figure B, The initial
unit load p' is" expressed by
p' - 3E31 sk
R
[ : . . r‘l. 50‘*1_ SCr
For pt'= NR the cross sectional moment of inertia for —‘L—f 3 | .
the rlng 3 ‘f L. O4OI . 75
N, R .25 —t
I -
= Figure C
where
R ¥ a+1.5%255
3
.- 34.4(25;{5) - 019 in 2 L1 1
3X 10 Figure D,

use the ring per Figure '""C'" or equivalent. Three stiffeners for the dia-
phragm are included in the weight analysis to compensate for vibrational

modes (see Figure D),

Figure 5=67, Oxidizer Tanker Cylindrical Reservoir Forward
Panel and Ring Estimate,




" The maximum deflection Y for the diaphragm (excluding stiffeners)

3
*Y = .062a e z 4 inche
Y . 662 a - . 364 inches,

*%''"Theory of elastic stability' by Timoshenko, 2nd edition, P. 291
*"ROARK!'" 3rd edtion, P, 223
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R = 24
The reservoir is subject to an external pressure Pz .10 ps
which may cause buckling of the cylindrical
shell. If a section between two rings is isolated % ¥ {{,i ! Qf &ﬁm
{ i
and the edges assumed simply supported L = 17':: i if
s -
(see Figure A} then: T F[ KRR
FeR . - 2 E ¢ . Figure A,
— - Kp 2 T )
n 12 (1 -u7)
where
FCR: Allowable buckling stress
n = Plasticity correction term
= 1.0 for our case
E = Modulus of elasticity = 10 X 106
u = Poisson's ratio =, 30
t = Wall gage. For our case an equivalent thickness of , 020
is used since the shell is perforated. The screen is
neglected. >
K z Buckling éoefficient which is related to Z = (L) (1- UZ) 1z
p N ‘
2 1/2
- U0 [1 - (.3)2}
24 X . 020
= 575
from curve on P, 14-7-4-4% Kp =~ 18
Substituting the above,
Fer 7 x 10" [.020 \ % :
" 18 5 5 = 225 psi
12 [i-(. 31
Fert 225 X . 020
The critical buckling pressure Pcy = ] = 5 - = . 187 psi

The applied pressure =, 10 psi ultimate., An . 040 perforated shell appears

reasonable,

Aerospace fluid component designers' handbook, Vol, II, Rev. C. Air

Force Rocket Propulsion Laboratory Research & Technology Div. RPL-TORA
64-25 Project 3058,

Figure 5-68. Oxidizer Tanker Reservoir Cylindrical Shell
Estimate.
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6

CONCLUSIONS AND RECOMMENDA TIONS

CONCLUSIONS

Based on the system comparison of Phase I capillary devices are effective means of
cryogenic propellant control for large scale vehicles. This assessment was made on
overall consideration of weight, reliability, cost and manufacturing feasibility.

The design handbook developed as part of this contract contains fluid, thermal and
structural design information which should be used as a foundation for capillary device
design, This handbook contains a description of state of the art techniques developed
during the current contract including computer programs, parametric data, empirical
correlations and design techniques.

Current knowledge is adequate to successfully design a cryogenic capillary device for
restart or propellant transfer however, in order to minimize design conservatism and
improve system performance additional research and development effort is required
in the following areas.

RECOMMENDA TIONS

To refine the capillary device cooling configuration prototype testing should be con-
ducted with small scale models in cryogenic fluids to analyze effect of mixing in cap~-
illary device cooling and to verify the coupling of a thermodynamic vent system and
capillary device. Thermal testing on a component level should be conducted to eval~
uate the thermal conductivity of representative screen materials and to verify the use
of a thermodynamic vent system and propellant control screen to maintain a feedline
free of vapor.

In the fluid analysis area work is required to successfully predict liquid settling and
reorientation under high Weber number conditions. Coupled with this study, refilling
of capillary devices by reoriented collected fluid should be considered. Low gravity
draining of a capillary device should be handled by coupling a technique similar to

that embodied in the DREGS2 program with low gravity interface shape and pullthrough
analysis as it becomes available. Prediction of low gravity mixing must be made and
successfully correlated with low gravity data. Some of this data is obtainable through
drop tower testing,

Fabrication of a large capiliary device such as that required for the LOX tanker
should be undertaken in order to verify subassembly fabrication procedures, and in-
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tank checkout and repair procedures. Procedures need to be established for capillary
device in-tank checkout prior to launch by measuring capillary device bubble point
and pressure drops.
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